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The origin of dolomite has been enigmatic. It is a common constituent of carbonate hydrocarbon 
reservoirs, it is abundant in Phanerozoic sedimentary carbonate rocks, but dolomite is rare in 
Quaternary and Recent rocks. Many different models have been suggested to explain its origin. 
Authigenic dolomite has been found to be forming in the Persian Gulf, but rather in small 
quantities. Additionally, mixing of authigenic dolomite with allochthonous types has been 
difficult to characterize. While it is clear that dolomite forms under a wide range of geochemical 
conditions, this study focuses on the occurrence of dolomite in modern sediments in a restricted 
embayment (Kuwait Bay), whose sediments derive from multiple sources. 
In this study, recently developed quantitative mineralogical tools (QEMSCAN analyses) 
were used in conjunction with traditional approaches (XRD, SEM, whole-rock geochemistry, 
and isotope geochemistry) to characterize polygenetic dolomite types occurring in subtidal 
sediments in Kuwait Bay. This study is the first to employ these methods to characterize the 
sediment mineralogy and geochemistry. Dolomite occurs as both authigenic and detrital phases, 
and analytical techniques have allowed characterization of these different types of dolomite. 
Three distinct phases of dolomite are present in the sediments: stoichiometric dolomite, near-
stoichiometric dolomite, and calcium-rich, poorly ordered dolomite (protodolomite).  The data 
suggest that stoichiometric and near-stoichiometric dolomite are transported 
(allochthonous/detrital), while the protodolomite is most likely an in situ authigenic precipitate. 
Allochthonous/detrital dolomite occurs within composite grains that show evidence for 
transportation. They are typically in the 50 to 150 µm size fraction. The mineralogic composition 
 
iv 
and characteristics of the composite grains suggests two likely sources: eolian and fluvial. These 
detrital dolomites are extrabasinally sourced. 
However, isolated rhombohedra of pristine dolomite crystals are present in the sediments. 
These dolomite rhombs are typically less than 10 µm in diameter, and are calcium rich. They 
make up about 10% of the total dolomite in the sediments.  Their origin is consistent with 
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Dolomite (CaMg(CO3)2) has intrigued geologists, petrologists, sedimentologists, 
and geochemists for the last 150 years, including Van Tuyl (1918), Hewett (1928), 
Fairbridge (1957), Zenger et al. (1980), and Warren (2000), among many others. More 
recently microbiogeologists, such as Lith et al. (2003), McKenzie and Vasconcelos 
(2009), and Sanchez-Roman et al. (2011) have also taken interest in the “Dolomite 
Problem”. The Dolomite Problem is derived from the fact that there is vast volumetric 
abundance of dolomite in the ancient stratigraphic record; however, it is not forming 
extensively in Holocene sediments.  Indeed, dolomite formation in Recent sediments is 
quite rare. This disconnect leads directly to an incomplete understanding of ancient 
dolomitization mechanisms. Additionally, many scientists have failed to synthesize 
dolomite inorganically at surface conditions in the laboratory, including Rosenberg and 
Holland (1964), Morse and Mackenzie (1990), and Land (1998). Inability to synthesize 
dolomite in a laboratory setting at temperatures and pressures believed responsible for 
most dolomitization makes application of trace-element partition coefficients and stable 
isotope fractionation factors problematic, at best.  Without such quantitative geochemical 
methods, interpretation of the environments of formation of ancient dolomites becomes a 
non-unique problem.  With dolomite petroleum reservoirs hosting significant 
accumulations in the geologic record, it becomes important to study those rare 
occurrences and localities where modern dolomite is forming. 
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In recent years, increasing reports of authigenic dolomite precipitation in modern 
settings has led to a re-examination and reconsideration of modes of dolomite formation 
(e.g., Baker and Burns, 1985; Lith et al., 2000; Nash et al., 2011; Bontognali et al., 2012). 
In one such locality, the western side of the Persian (Arabian) Gulf is known as a classic 
location of Recent authigenic dolomite precipitation, as studied by Gunatilaka et al. 
(1987), Wenk et al. (1993), Chafetz and Rush (1994), Al-Sharhan and Kendall (2003), 
and Bontognali et al. (2010), among many others. Originally, dolomite in the Persian 
Gulf was wrongly interpreted to be only of eolian origin (Pilkey, 1966); however, this 
was probably because of the lack of analytical tools available to distinguish between 
eolian/detrital and authigenic dolomite at the time.  With the advent of more sophisticated 
analytical tools, later studies (cited above) have clearly demonstrated that Recent 
authigenic dolomite precipitation is occurring in the region. 
This study examines a mixed siliciclastic/carbonate environment, where 
authigenic dolomite occurs along with allochthonous dolomite in Kuwait Bay, Kuwait. 
The use of modern advanced digital tools (e.g., QEMSCAN®) provides new insight into 
dolomite formation in the Persian Gulf. This study uses quantitative mineralogical 
analyses (QEMSCAN®), along with traditional mineralogical analyses like x-ray 
diffraction (XRD) and scanning electron microscopy (SEM), to document the occurrence 
of recently precipitated authigenic dolomite in Kuwait Bay. The results of this study add 
to the body of knowledge of Recent dolomite formation in marine environments. Detailed 
quantitative mineralogical investigation of dolomite types in mixed carbonate-siliciclastic 
environment can be a powerful tool to distinguish between multiple origins of co-




Several field and experimental studies of microbially mediated dolomite 
occurrences shed light on how Recent authigenic dolomite precipitation can overcome 
inhibiting factors to its formation such as thermodynamics, chemical kinetics, hydrology, 
host-rock mineralogy and texture (Hardie, 1987; Vasconcelos et al., 1995; Vasconcelos 
and McKenzie, 1997; Warthmann et al., 2000; Roberts et al., 2004; McKenzie and 
Vasconcelos, 2009; Bontognali et al., 2010; Sadooni et al., 2010; Sanchez-Roman et al., 
2011). These studies suggest a wider variety of environments of modern dolomite 
formation than had been previously considered. Since the “Dolomite Problem” has been 
approached as an inorganic dilemma, precipitation of dolomite in microbially mediated 
experiments provided a re-evaluation for the classical hypersaline environments of which 
Recent dolomite occur (i.e., Abu-Dhabi sabkhas in UAE and Coorong Lakes in 
Australia). The widespread presence of sulfate-reducing microbial communities in marine 
environments can explain the occurrence of in situ and allochthonous dolomite together. 
It is in this light that dolomite occurrences in northern Kuwait Bay have been revisited in 
the present study. 
Kuwait Bay has been extensively studied as a site for Holocene/Recent carbonate 
and siliciclastic sediment deposition (e.g., Pilkey and Nobel, 1966; Mohammed, 1979; 
Khalaf et al., 1982; Al-Bakri et al., 1984; Khalaf et al., 1984). Several sedimentological 
studies of the marine environment of Kuwait Bay suggested that most Recent carbonate 
sediments present in the northern part of the Bay are of detrital origin, and that they were 
transported mainly by eolian processes such as dust and sand storms (Al-Bakri et al., 
1984; Al-Ghadban and Salman, 1993; Aqrawi, 1994). Other studies have suggested that 
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authigenic carbonate minerals, specifically dolomite, are actively being precipitated in the 
marine sediments of Kuwait Bay. Examples include: (a) hardgrounds in the southern part 
of the Bay (Khalaf et al., 1987), and (b) dolomitic cements found in burrows in northern 
Kuwait (Gunatilaka et al., 1987b). Additional studies have documented Recent marine 
and terrestrial dolomite occurrences in various surface and subsurface localities in 
Kuwait (Gunatilaka, 1989; Khalaf, 1990; El-Sayed et al., 1991). In particular, Recent 
authigenic dolomite has been found to precipitate within the Al-Khiran sabkha of 
southern Kuwait (Gunatilaka et al., 1984; Gunatilaka et al., 1987a). Consequently, it is 
clear that there is a variety of dolomite occurrences and probable modes of formation of 
dolomite in Kuwait. It is the intent of this study to investigate the occurrence, 
distribution, and origin of dolomite newly identified in Recent sediments of northern 
Kuwait Bay. 
 
1.2  Problem and Objectives 
Over the last thirty years, Kuwait Bay has experienced many sedimentological, 
environmental and hydrological changes due to human activities (e.g., the disposal of raw 
and/or undertreated sewage into the Bay). Such activity has prompted many researchers 
to study resulting temperature and compositional changes in seawater and sediments of 
the Bay, in addition to microbial contamination in the surrounding mudflats (Al-Muzaini 
et al., 1991; Heil et al., 2001; Al-Rashidi et al., 2008; Behbehani and Ebrahim, 2010; Al-
Mailem et al., 2010). These studies were intended to provide baseline conditions for 
further monitoring of the Kuwait Bay ecosystem. 
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Since it remains to be established whether dolomite found in northern Kuwait Bay 
sediments is solely detrital, solely authigenic, or a mixture of detrital and authigenic 
dolomite, the principal goal of this study is to determine dolomite origin. To achieve this, 
unconsolidated Recent sediment and water samples were extracted from subtidal 
boreholes in the northern Bay, with the subsequent work on these samples focusing on 
the mineralogy and geochemistry of the sediments. The project objectives are: 
1) Document the vertical and horizontal distribution, petrology, and 
geochemistry of the dolomite. 
2) Constrain the origin of the various dolomites by micromorphological 
characteristics, mineralogical analyses and geochemical data, and 
3) Develop sedimentological and hydrogeochemical models for dolomite 




 CHAPTER 2 
GEOLOGICAL SETTING 
In order to establish a framework for the occurrence of dolomite, the geological 
setting will first be described. The focus of this chapter is to provide an overview of the 
surficial geology of Kuwait and the major morphological and sedimentological 
characteristics of Kuwait Bay. 
 
2.1 Surficial Geology of Kuwait  
The State of Kuwait is located in the northwestern part of the Persian (Arabian) 
Gulf, a marine carbonate-evaporite semi-enclosed basin (Evans, 1995). Topographically, 
Kuwait consists of undulating flat-lying Tertiary rocks that rise to a height of 271 m in 
the southwest of the country. The Tertiary terrain overlies gently folded Cretaceous and 
Jurassic formations (El-Baz and Al-Sarawi, 1996). The main topographic feature in 
northern Kuwait is the Jal A-Zor escarpment, with a maximum elevation of 145 m, which 
borders the northern shore of Kuwait Bay. A second topographic feature is Wadi Al-
Batin, which runs along the western border with Iraq. Wadi Al-Batin is the main fluvial 
channel responsible for deposition of the Dibdiba gravel lag deposit, which is the largest 
alluvial fan occurring on the periphery of the Arabian Plate, and covering most of 
Kuwait’s surface area (Al-Sulaimi and Pitty, 1995) (Figure 2.1). To a lesser extent, the 
Al-Ahmadi Ridge parallels the southern coastline and rises to heights of about 110 m 
above sea level (Al-Sulaimi and Mukhopadhyay, 2000).  
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Bedrock outcrops in Kuwait consist of the Eocene Dammam Formation, a white, 
fine-grained cherty limestone that is overlain by the Oligocene and Miocene/Pliocene 
Ghar and Fars Formations. The latter formations consist of calcareous sandstones, sandy 
limestones, clay and sand (El-Baz and Al-Sarawi, 1996) (Figure 2.2). The Dibdiba 
Formation overlies the Ghar and Fars Formations, and is unconformably overlain by 
Quaternary lag gravels that cover much of the interior of Kuwait and coastal plains 
including unconsolidated marine sands, mudflats and supratidal sabkha surfaces (Milton, 




Figure 2.1 Regional map of the Persian/Arabian Gulf showing the location of the State of Kuwait with an inset figure showing a 
simplified map of Kuwait’s major physiographic features of Jal-Al-Zour in the east and Wadi Al-Batin in the west.
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Figure 2.2 Simplified surface geological map of Kuwait.  (modified after Hunting Geology and Geophysics, 1981).
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2.2 Geological characteristics of Kuwait Bay 
This section briefly reviews the morphology and sedimentology of Kuwait Bay. 
Extensive muddy tidal flats cover most of northern Kuwait Bay. To a lesser extent, these 
mud flats contain sand thought to be derived principally by dust and sand storms (Milton, 
1956).  
2.2.1 Morphology of Kuwait Bay 
 Kuwait Bay is the singular prominent body of water along Kuwait’s coastline. It 
is an elliptically shaped shallow embayment that protrudes from the northwestern corner 
of the Persian Gulf in a westward direction. Kuwait Bay covers an area of 880 km2, 
spanning 47°43! to 48° 10! E longitude and 29°20! to 29°35! N latitude (Fadlelmawla et 
al., 2011) (Figure 2.4).  
 Physiographically, Kuwait Bay is divided into three main provinces: the 
northern flat, the southern flat, and the central channel. The northern flat occupies most 
of the northern half of the bay and is characterized by a very gentle slope and wide tidal 
flats with a maximum water depth of about 5 m (Khalaf et al., 1982). The central part of 
the bay is characterized by a 10-20 m trough that shallows progressively from east to 
west (Fadlelmawla et al., 2011). The southern flat is gently sloping, narrow and closer to 
the central channel. Khalaf et al. (1982) identified the northern flat as a submerged 
estuarine flat, which is covered mainly by mud derived from the Tigris-Euphrates delta 
system. 
The eastern entrance of the Bay is bounded by two headlands: the Ras Al-Subiyah 
headland to the north and the Ras Al-Ardh headland to the south. Khalaf and Ala (1980) 
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described the Ras Al-Subiyah area as an exposed inland part of a submerged estuarine 
flat situated along the northeastern coast of the bay.  
As the largest island of Kuwait, Boubiyan Island is located to the east of Ras Al-
Subiyah and is separated from the mainland by Khor Al-Subiyah, which is one of the 
Khor Al-Zubiar channels. The latter originates in southern Iraq and runs in a SSE 
direction until it reaches the Gulf, and it then bifurcates to Khor Abdullah to the east of 
Warba and Boubiyan Islands and Khor Al-Subiyah to the west. Khor Al-Subiyah runs 
toward the eastern side of Boubiyan Island and discharges at Ras Al-Subiyah (Al-
Yamani, 2008).  
Saad (1978) conducted an extensive study of the Shatt Al-Arab estuary and 
described a network of dendritic tidal channels within the northern flat of Boubiyan 
Island, and the discharge pattern into the northern sector of Khor al-Subiyah. He 
concluded that several channels discharge their load into the northern coast of the 
Arabian Gulf, to the east of Khor Abdullah. These drainages include the Shatt Al-Arab 
River, with several tidal channels draining the extensive mud flat to the east of Shat Al-
Arab (Figure 2.5). 
 2.2.2 Sedimentology of Kuwait Bay 
Surficial sediments of Kuwait Bay have been studied extensively for more than three 
decades by many researchers, such as Khalaf et al. (1982), Al-Bakri et al. (1984), Al-
Ghadban and Salman (1993), and Al-Ghadban and El-Sammak (2005). However, only a 
few sedimentological studies have been conducted in the northern part of the Bay (e.g., 
Al-Zamel and Khalaf, 1978; Al-Hurban et al., 2008). 
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Figure 2.3 Map showing the location of Kuwait Bay and a close-up map of subtidal core 
locations for this study.  
Figure 2.4 Regional map showing the dendritic drainage pattern of Shatt Al-Arab estuary 
with its geographic proximity to Kuwait Bay. 
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Emphasis on studying the southern part, by the aforementioned researchers, was 
motivated by the importance of that part of Kuwait Bay as a highly urbanized area and as 
a location for marine leisure activities and fishing. Additionally, southern Kuwait Bay is 
host to two main ports: Shuwaikh and the smaller Doha ports. Due to lack of 
urbanization, terrestrial and marine environments of the northern part of Kuwait Bay are 
relatively undisturbed. Therefore, the northern marine environment of Kuwait Bay 
represents a relatively pristine environment for scientific and baseline investigations.  
Recent sediments accumulating in Kuwait Bay consist mostly of muddy 
sediments, comprised of quartz, feldspars, carbonate minerals (principally calcite and 
dolomite), and various clay minerals such as illite and illite-montmorillonite (e.g., Khalaf 
and Ala, 1980; Khalaf et al., 1982; Al-Ghadban and Salman, 1993; and others).  
Aqrawi (1994) suggested that the fluvial loads of the Shatt Al-Arab distributary 
system, and sand and dust delivered by northwesterly storm winds (Shamal winds), are 
the primary sources of detrital sediments accumulating in Kuwait Bay.  Saleh et al. 
(1999) documented the presence of detrital carbonate grains of mixed fluvial, deltaic and 
eolian origins in the adjacent sabkhas along the northern coast of Kuwait Bay.  They 
suggested that these were the principal origins of carbonate minerals in Bay sediments.  
Al-Ghadban and Salman (1993) collected suspended sediments in Kuwait Bay 
waters and reported high percentages of carbonate minerals compared to the northwestern 
part of the Bay, despite the proximity to detrital carbonate sources. Hence, these authors 
proposed that the presence of carbonate minerals is mainly supplied by dust storms or 
from direct precipitation within the Bay. Accordingly, fluvial input from the Shatt Al-
Arab system may be highly overestimated.  
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Khalaf et al. (1982) identified dolomite in Kuwait Bay as the most common 
“heavy mineral”. While we do not choose to use that terminology, the dolomite occurs as 
individual rhombs and as well-rounded to sub-rounded grains. Dolomite rhombs are 
relatively more common in the coarse silt and very fine sand size fractions. These 
dolomite rhombs showed very similar characteristics to Recent protodolomite crystals 
described in Abu-Dhabi (Kinsman, 1964), and to Recent supratidal dolomites from 
Andros Island, Bahamas (Shinn et al., 1965).  
The Recent sediments in Kuwait Bay are polygenetic (Khalaf et al., 1982). The 
main sources of carbonate sediments are: (a) autochthonous materials derived from in 
situ mineral precipitation, degradation of Recent shells of various fauna, and erosion of 
submerged ancient sediments and sub-Recent coastal sediments, and (b) allochthonous 
materials derived from the onshore desert sediments by the action of the prevailing 





HYDROLOGICAL SETTING  
Kuwait is located in the northwestern part of the Persian Gulf. It is an arid region 
with extremely hot weather throughout the year, with temperatures reaching as high as 
58°C (136°F) in the summer. According to Al-Yamani et al. (2004), high evaporation 
rates cause lack of perennial surface water even if/when it rains.  Kuwait has almost non-
existent surface freshwater and overall scarce natural water resources. The mean annual 
potential evaporation far exceeds the mean annual rainfall by 22 times (2600 mm/yr 
evaporation versus 115 mm/yr rainfall) (Al-Ruwaih, 2011). Because of this imbalance, 
seawater proximal to Kuwait is characterized by high salinities, ranging naturally 
between 38-42‰ (Al-Dousari, 2009).  
Kuwait’s coastline is approximately 500 km long, including its nine islands (CIA 
Facts Book, 2012). A few inlets occur along the southern part of Kuwait’s coastline, 
while Kuwait Bay is the main marine feature in the northern part of the country. 
Desalination is the only means of reliable fresh water supply in Kuwait. However, 
discharge brines from the desalination process and excessive sewage effluent disposal 
into Kuwait Bay are contributing to increased salinities and temperatures in the Bay (Saif 
Unddin et al., 2011)(Figure 3.1).  
Regional groundwater flow is from southwest to northeast off the Arabian 
Peninsula, with submarine discharge into Kuwait Bay and the northern part of the Persian 
Gulf. In the northwest of Kuwait Bay, the hydrologic gradient flattens in response to 
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dense brines that act as no- or low-flow boundaries due to high rate of seawater 
evaporation that leads to density driven exchange between groundwater and the Bay’s 
seawater (Fadlelmawla et al., 2011)(Figure 3.2).  
Figure 3.1 Major ports, desalination plants, and power generation plants around Kuwait 
Bay (after Al-Rashidi, 2009).  
Figure 3.2 Groundwater elevations and flow vectors within Kuwait Group aquifer (after 
Fadlelmawla et al., 2011) 
 
 







Recent urban development has taken place along the coast line of Kuwait, 
especially along the southern coast of Kuwait Bay. Currently, the population of 
Kuwait is about 3 million; 1.5 million reside along the southern side of Kuwait Bay 
(Ministry of Planning, 2005). Rapid urbanization impacted the marine ecosystems in 
the bay (Al-Rashidi et al., 2007; Al Bakri and Kittaneh, 1998). The main impacts are 
related to the discharge of treated and untreated sewage; aquaculture; oil navigation 
routes; desalination of marine water; oil refinery plants near the shoreline; land 
filling and dredging activities along the coast line; and construction of marinas, 
resorts, and tourism facilities (Al-Mussalam, 1999; Al-Zaidan et al., 2003; Al Bakri, 
1996). There are a number of desalination and power plants distributed around the 
bay (Figure 7.1). Such plants have direct impacts on the marine ecosystem of the bay 
in terms of increasing seawater temperature (Al Bakri and Kittaneh, 1998; Saeed et 
al., 1999).  
 
Figure !7.1: Landsat image showing the location of power a  desalination plants in Kuwait Bay. 
It also shows the location of the urban areas, and sewage outfalls. 
 Land Surface Zoning Approach Based on Three-Component Risk Criteria 1681
Fig. 2 Groundwater potentiometric heads for Kuwait Group aquifer (uppermost aquifer). The
figure also shows the flow directions of the groundwater
north-east the gradient flattens in response to dense brines that act as no or low
flow boundaries. The flat gradient infers some flow, which is probably reflected by
groundwater discharge to coastal sabkhahs (a sabkhah is a salt pan or groundwater
discharge zone).
Groundwater in the KG is ranging from brackish (<4,000 mg/l TDS) at the south
of the country to hyper-saline (>100,000 mg/l TDS) at the northeastern coast (Fig. 3).
Very limited fresh groundwaters are occurring as lenses at the northern watershed.
The main usages of groundwater in Kuwait are: ! 8% of domestic water (i.e.
mixed with desalinated seawater), majority of the irrigation water (agriculture and
landscapes), and strategic water reserve (freshwater accumulations in the northern
areas). Pollutants with anthropogenic origin include nitrogen compounds, coliform
bacteria and hydrocarbons. These pollutants were correlated, through a number of
studies (Al-Awadi et al. 2000; Akber et al. 2002; Al-Senafy et al. 2003; Fadlelmawla
et al. 2006) to specific anthropogenic sources namely irrigated agriculture, landfills,
and spillage of oil due to oil fields fires during the Iraqi invasion (1990–1991). It
may be noted here that the pollutants due to anthropogenic activities should not be
limited to the above cases as these represent the investigated sources only. Other
uninvestigated sources may also have impacts on the groundwater quality.
Land use in Kuwait (Fig. 1) is limited to urban areas at the Arabian Gulf coast,
oil wellfields, brackish groundwater fields, limited agricultural farms, and limited
industrial activities (mostly oil related). The rest of the land is essentially barren.
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3.1 Kuwait Bay Hydrodynamics: Tidal Currents  
Kuwait Bay is a shallow semi-enclosed embayment of water located at the 
northwestern reach of the Persian Gulf (Anderlini et al., 1982). In general, semi-diurnal 
tidal currents govern water circulation in the Bay. Bird (2010) identified tidal currents of 
the Bay as being weakly anticlockwise. Sporadic strong tidal currents can provide 
flushing of at most 30% of the Bay waters in a normal tidal cycle (Al-Yamani et al., 
2004). Currents can also be wind driven, where wide, shallow subtidal and intertidal mud 
flats floor the Bay. Additionally, small waves (maximum of 20 cm) are generated by 
northwesterly winds blowing across the Bay (Al-Yamani et al., 2004). Northwesterly 
Shamal (storm) winds produce waves up to 30 cm high that move beach sediments 
southward (Figure 3.3), while southeasterly winds generate waves that move it back to 
the north. 
3.1.1 Shatt Al-Arab input into Kuwait Bay 
The Tigris, Euphrates and Karun rivers are the three major rivers that flow into the 
northern part of the Persian Gulf. The confluence of the three rivers forms the Shatt Al-
Arab River, which is the principal fluvial input into the Gulf (Abaychi et al., 
1988)(Figure 3.4). Hartmann et al. (1971) estimated its annual discharge into the Persian 
Gulf to be about 5 x 109 m3 of fresh water, which varies seasonally depending on the 
variable discharge of its tributaries. Recently, Shatt Al-Arab discharge into the northern 
waters of the Persian Gulf has been reduced significantly because of numerous upstream 




Figure 3.3 Suspended sediment transport paths in Kuwait Bay (after Al-Ghadban and El-
Sammak, 2005).  
 
Therefore, suspended sediment input into the Gulf from Shatt Al-Arab runoff has 
decreased significantly, too. Unfortunately, sediment load data for the Shatt Al-Arab 
River are not currently available. This presents limitations to understanding changes in 
fluvial sediment discharge into the northern waters of the Persian Gulf. However, because 
of the strong reduction in suspended sediment input from Shatt Al-Arab, most of the 
suspended sediments present in northern Kuwait Bay waters are produced by agitation 
and reworking of bottom sediments, along with eolian dust fallout (Al-Ghadban and El-
Sammak, 2005).  
 
4. Conclusions
Five major sources for suspended sediments in the waters of Kuwait Bay can be
identified: (1) dust fallout; (2) biogenic components; (3) Shatt Al-Arab and Khor Al-
Zubair alluvial sediments; (4) agitation of bottom sediments; and (5) particles
contributed from construction and engineering works. Based upon the suspended
sediment concentration patterns, the prevailing hydrodynamic conditions and
mechanisms controlling the sediment transportation, a conceptual model has been
constructed in Fig. 11. Fig. 11 shows also the variation in sediment sources as well as
the areas of deposition and erosion.
On the basis of the nature of the sediment and the tidal current patterns, it can be
suggested that suspended sediment transport in Kuwait Bay, especially within the
bottom water layers is slightly flood dominant; therefore, the net pattern of
movement is onshore. Some areas in the bay are more active than others, in terms of
suspended sediment transport. Some areas include the tidal channel, where tidal
currents are relatively more active, e.g. Sulaibikhat Bay and the Ras Al-Ardh
channel.
The distribution pattern of the suspended sediments indicates the possibility of
tidally induced transport, dust fallout and, to a lesser extent, the effect of the Shatt
Al-Arab (especially in the northeastern part of Kuwait Bay). The distribution of
various types of sediments and the variations of their textural, compositional and
ARTICLE IN PRESS
Fig. 11. Conceptual model for the suspended sediment transport pattern in Kuwait Bay.
A.N. Al-Ghadban, A. El-Sammak / Journal of Arid Environments 60 (2005) 647–661 659
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3.2 Kuwait Bay Physicochemical Properties 
Kuwait Bay, and especially its coastline, has been the subject of many studies 
because most of the country’s urban, industrial, commercial and recreational activities are 
concentrated in this area (Abou-Seida and Al-Sarawi, 1990). For example, Kuwait Bay is 
the most important nursery of major fisheries in Kuwait and provides the main source of 
freshwater through the desalination process. Recently, Kuwait Bay has been studied 
extensively for physicochemical changes in its waters resulting from various 
anthropogenic inputs and submarine groundwater discharge (Beg et al., 2001; Al-
Dousari, 2009; Al-Enezi et al., 2004; Fadlelmawla et al., 2010; among others). While 
many studies have investigated these anthropogenic impacts on the Bay, a few key 
studies are reviewed in this document. Documentation of environmental consequences 
resulting from anthropogenic sources is beyond the scope of this study. 
3.2.1 Temperature  
The mean annual temperature of Kuwait Bay surface water is 23.8°C, as recorded 
by Anderlini et al. (1982) and Al-Yamani et al. (2004). Kuwait Bay seawater temperature 
has been found to be increasing at a rate three times greater than the global average rate 
since 1985, using the application of satellite data (Al-Rashidi et al., 2009) (Figure 3.5). 
They surmised that the increase in Kuwait Bay water temperature can be attributed to 
three main drivers: global (which contributes 37% of the change), regional (which 
contributes 50% of the change) and local (which is approximately 13%). The global 
driver includes but is not limited to global warming. The regional drivers include air 
quality (i.e., temperature and humidity), poor seawater circulation and mixing in the 
northern part of the Persian Gulf, and eolian sediment input from dust storms (Al-Rashidi 
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et al., 2008). The local driver is mostly anthropogenic due to human activity along the 
coast (Al-Rashidi, 2009).  
Al-Banna and Rakha (2009) conducted a seasonal temperature variability study of 
Kuwait Bay and found that the Doha east and Doha west power generation plants, the 
largest plants located along the Bay, dispose their thermal effluent discharge directly into 
the Bay. These thermal effluent effects are exacerbated by the shallow bathymetry of 
most of the Bay and its weak tidal currents, aiding in elevating the temperature of 
northern Kuwait Bay waters (Figure 3.6). 
 
Figure 3.4 Location map of Shatt Al-Arab, Euphrates, Tigris, and Third Rivers. Shaded 
area represents marshlands (Al-Yamani et al., 2007).  
 
 







Figure !6.5: The Shatt Al-Arab, Euphrates, Tigris, and third rivers. The figure shows the 
marshlands in the south of Iraq that are subject to flooding under UNEP recent initiative ( 
Adapt d after Al-Yamani et al., 2007) 
 
6.4.4 The influence of circulation patterns in the Gulf to the seawater 
temperature 
Seawater temperature in the region is influenced by circulation and mixing. 
Mixing of the water column in the Arabian Gulf is driven by tides, winds, waves, and 
evaporation (Lardner et al., 1993; Robinson and Brink, 2006). The tidal range in the 
northern Arabian Gulf is 3 m in range, and 4 m in the northern Kuwait Bay (see 
Figure, 2.3). In the northern Arabian Gulf, tide is important in mixing of water 




Figure 3.5 Annual average sea surface temperatures of the Persian Gulf (modified after 
Al-Rashidi, 2009). 
 





Al-Dousari (2009) documented recent seawater salinity fluctuations resulting 
from discharge of effluent from coastal desalination plants into the Bay. The study 
documented hypersaline salinities of 50‰, exceeding the maximum limit of 42‰ that is 
set by the Kuwait EPA for salinity in marine waters (normal marine salinity is 35‰). 
Discharged brines from these desalination plants are commonly three times more saline 
than extant Kuwait Bay water. The heavier brines sink to the bottom because of their 
higher density. As with temperature, such effects are extremely important in the northern 
part of the Bay because of shallow bathymetry and weak circulation by tidal currents. 
3.2.3 Nutrients  
Kuwait Bay is also notorious for the influx of raw sewage effluent from 
inadequate sewage pumping stations (Khan, 2008). Sewage outflows and storm water 
culverts are known to continuously deposit high levels of nutrients (phosphate and 
nitrate) into Kuwait Bay. These wastewaters are the main source of elevated nutrients in 
Kuwait Bay (Al-Enezi et al., 2004). Beg et al. (2001) documented high concentrations of 
heavy metals in the Bay as a result of indiscriminate discharge of municipal sewage. 
Moreover, depleted dissolved oxygen and high concentrations of suspended solids near 
sewage outflows are acutely toxic to biodiversity in the Bay (Khan, 2008). 
3.3 Groundwater discharge into Kuwait Bay 
 The only natural source of fresh water in Kuwait is groundwater; however, it is 
limited and its volume is declining because of continuous pumping. There are two main 
aquifers in Kuwait: the Dammam Formation and the Kuwait Group. The Dammam 
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aquifer underlies the Kuwait Group aquifer and extends beneath the entire country 
(Figure 3.7). 
 






This study is the first to apply advanced mineralogical and geochemical analyses 
on dolomite found in Kuwait Bay. Field investigations included core extraction of 
unconsolidated subtidal sediments, grab sample collection from intertidal and supratidal 
environments, and in-situ analysis of physicochemical properties of Kuwait Bay 
seawater. Laboratory investigations involved quantitative mineralogical examinations and 
geochemical analyses in order to constrain the different origins of various dolomites 
present. Additionally, Kuwait Bay seawater underwent various geochemical 
investigations. 
The vertical and horizontal mineralogical distribution, percentages and 
quantitative measurements of dolomites present were determined by state-of-the-art 
QEMSCAN" technology. Geochemical and mineralogical data were obtained from 
oxygen and carbon stable isotopic analysis, Scanning Electron Microscopy (SEM), X-ray 
Diffractometry (XRD), and Electron Microprobe Analysis (EMPA). These data aided in 
the development of sedimentological and hydrogeochemical models for dolomite 
occurrences in northern Kuwait Bay. 
4.1 Samples and fieldwork 
Northern Kuwait Bay is characterized by extensive mud flats that restrict easy 
access from the shore. In order to reach the subtidal environments of the study area, boat 
transportation was required. Kuwait University provided the project with a 27-foot 
Boston Whaler powered by two outboard engines. All excursions departed from marinas 
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along the southern parts of Kuwait Bay. Locations of sampling sites were determined by 
GPS. Field campaigns were conducted in the summer of 2008, and winters of 2009, 
2010, and 2011 (Figure 4.1). 
The first reconnaissance study of sediments in southern Kuwait Bay was in the 
intertidal zones of Sulaibikhat Bay and Doha. Eighteen beachrock samples were 
collected and cut into one-inch thick disks for thin section preparation. These samples 
were identified by location number and letter designation that relates to vertical transects 
perpendicular to the shoreline (Figure 4.2). 
The second excursion in winter 2009 provided the majority of the samples for this 
study. Samples were obtained from three cored boreholes of unconsolidated bottom 
sediments in the northern part of Kuwait Bay. The cores were made from PolyVinyl 
Chloride (PVC) pipes that were 3 m long, 3 mm thick and 7.5 cm wide. The core 
extraction method was adopted after Al-Zamel et al. (2005). The pipe was pushed from 
the boat into the muddy sediments to a depth of 2 m below the seawater-sediment 
interface. The pipe was then filled from the top with seawater and sealed tightly by an 
expandable rubber piston and pulled out by rope manually. Seawater was drained and 
the pipes were sealed for later in the lab (Figure 4.3). 
For comparison, six unconsolidated grab samples were collected from the 
seawater-sediment interface using Van Der Veen grab samplers along the southern 
subtidal environment of Kuwait Bay. Only grab samples were obtained from southern 
localities because of the presence of hardgrounds along the southern Bay, which 
prevented coring. Furthermore, coring was hampered by deeper and more turbulent 
seawater in the southern part of Kuwait Bay (5 m), compared to the northern Bay (2 m).  
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Sediment grab samples were also extracted from supratidal environments along 
the northern shores of the Bay. These sediments were obtained from four locations using 
a transect perpendicular to shoreline. Samples were collected from the surface and 25 
cm below the surface, in order to record vertical differences in sediment make up 
(Figure 4.4).  
Seawater samples were collected using a Niskin water sampler. Water was filtered 
in the field using conical filter holders with 0.45-micron filter paper. Bottles were rinsed 
twice with distilled water then twice with seawater. Samples were filled to the top and 
sealed immediately to prevent exchange of carbon dioxide with the atmosphere or the air 
trapped in the bottles. Immediately after sample collection, 10% mercuric chloride 
solution (HgCl2) was added to the samples as a preservative and to inhibit any biological 
activity. In situ measurements of physicochemical parameters of seawater (temperature, 
pH, salinity, and dissolved oxygen) were performed using a calibrated Hana" multi-
parameter water quality meter (model HI9828). Seawater transparency was recorded for 
each sample location using a Secchi disk. After delivering the samples to the lab, water 
and sediment samples were stored at 4°C until shipped to Colorado School of Mines in 








Figure 4.1 A) Overview map of Kuwait showing the location of Kuwait Bay relative to 
the Tigris-Euphrates delta system. B) Close-up view of Kuwait Bay showing core, grab 
sample and water sample locations. Transect of supratidal sediments is perpendicular to 
core 2 location. C) Close-up view of the Umm Al-Namil Island intertidal transect. The 












Figure 4.2 Oolite is the dominant lithology along the southern shoreline of Kuwait Bay. 
A) Hand sample showing the top friable part of the rock. B) BSE image of ooids showing 
celestine cement (light grey). C) BSE image of ooids showing concentric cortical layers 
around their nuclei. D) False-colored image from QEMSCAN ® showing the gross 










Figure 4.3 A) Overview of the sampling area in Kuwait Bay (KB) viewed from the 
North, showing southern KB and the re-suspension of bottom sediments that occur as 
lenses along most of the intertidal area. B) Photo showing coring operation. C) Grab 
samples from southern KB using Van Der Veen grab sampler. Presence of hardgrounds 
in the south hindered coring. D) Draining seawater from the core and measuring the 
extracted sediments’ length. E) Close-up view of an unconsolidated grab sample showing 
burrows and strong cohesiveness of the sediment. F) Subiyah power plant discharges its 













Figure 4.4 A) A view of Subiyah, northern Kuwait, showing the upper supratidal 
environment and its extensive muddy tidal flats. Doha power plants are present in the 
background. Inset 1 shows air bubbles emanating from the sediments as seawater 
replaces air in interstitial pores during high tide. Inset 2 shows inclined burrows and 
sand-sized soft fecal pellets produced by mud-eating crabs.  B) Highly bioturbated 
intertidal flats are covered in a frothy film of intertidal water. The film is bacterially 
generated, resulting from decomposition of organic matter. C) Extensive muddy intertidal 
flats cover the majority of the northern shoreline of Kuwait Bay. The picture shows 
stagnant ponds and tidal current marks that extend over several kilometers. D) Picture 
shows car-track destruction of ripple marks and evaporites in the supratidal environment, 











Figure 4.5 Photo showing total length of Core#1. Note cracking due to water evaporation, 
which is indicative of the presence of mud and clays. 
 
4.2 Laboratory Geochemical Analyses of Seawater Samples 
 Seawater samples were analyzed in the laboratory for alkalinity, stable isotopic 
composition (D and 18O) and elemental analyses. 
4.2.1 Alkalinity 
Seawater samples were stored at 4°C for 24 hours before alkalinity determinations 
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were made at the Geochemistry Laboratory of the Department of Earth and 
Environmental Sciences in Kuwait University. Total alkalinity was determined 
colorimetrically on filtered samples using Bromocresol green-Methyl Red solution, 
adapted from Larson (1972). Titration was performed manually by stirring seawater 
samples under very low heat and recording pH constantly while adding 0.02 N sulfuric 
acid titrant. Delivery of a few drops of phenolphthalein at a time, until the color changed 
and endpoints were reached, was performed for all seawater samples. After recording 




A = Total volume of standard acid (ml), 
N = Normality of standard acid, 
50,000 = Conversion factor to convert normality into alkalinity, and  
V = Amount of sample (ml) 
 
4.2.2 Stable Isotopic Analysis  
Seawater samples were analyzed on a Picarro L1102-I Isotopic Liquid Water Analyzer. 
The spectrometer measured isotope ratios (D/H and 18O /16O), utilizing the unique spectra 
of the different isotopologues of water. Stable isotope ratios were reported in per mil 
notation (‰) relative to the Vienna Standard Mean Ocean Water (VSMOW) international 
reference standard. Analyses were performed on-line through automated injection of 0.4 
microliters of water to the analyzer cavity at 140°C. Five replicates of each sample were 
analyzed but only the last two were averaged to provide the isotopic composition of each 
sample. The first three replicates were ignored because of inter-sample memory effects. 
! 




A laboratory standard was run before and after each sample run. For the duration of this 
project, the mean half range for sample duplicates was 0.02‰ for oxygen and 0.19‰ for 
hydrogen.  
4.2.3 Major, Minor, and Trace Elements 
Unfortunately, the majority of seawater samples were destroyed during shipping 
to Colorado School of Mines. Only six samples were salvaged from the icebox, and these 
were analyzed for a suite of major, minor and trace elements using inductively–coupled 
plasma atomic emission spectroscopy (ICP-AES) in the Department of Chemistry and 
Geochemistry at CSM. The samples were from the water-sediment interface of southern 
Kuwait Bay. The samples were analyzed on a Perkin Elmer Optima 3000 ICP-AES for a 
total of 27 elements. The dilution factor was 20X instead of 10X for seawater samples to 
avoid nebulizer clogging. The elements of principal interest are: Ca, Mg, Na, Sr and S. 
An internal standard of Sc was applied to correct for adjustments in sample uptake and 
plasma conditions (Wildeman et al., 2003). All concentration results were generated in 
mg/L and were corrected by the dilution factor and then converted to mol/L.  
4.3 Mineralogical Analyses: X-Ray Diffraction (XRD) and QEMSCAN"   
 Identification of various types of dolomite was achieved by complementing 





rapidly identify a wide range of minerals, and quantify various user-defined 
mineralogical properties (i.e., modal abundance, size distribution and particle shape). 
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4.3.1 X-Ray Diffraction Analysis (XRD) 
X-ray diffraction (XRD) analysis of whole sediment samples was performed 
using a Scintag XDS-2000 x-ray diffractometer with Cu K# radiation in the Geology and 
Geological Engineering Department at CSM. Mineralogical identifications were made on 
whole sediment powders. Samples were initially scanned from 4° to 60° at a rate of 1° 2$ 
per minute in order to identify major mineralogical components. Another scan was 
performed from 25° to 33° at the same rate to identify the major carbonate mineral 
species present. The first XRD run included no internal standard. In order to calibrate all 
mineral peaks accurately, the second analysis included an internal standard of calcium 
fluoride (CaF2) (2$ = 28.28°), thoroughly mixed into the sample by co-grinding 
manually. For additional confidence, x-ray peak reflections were measured relative to the 
internal peak position of quartz (2$ = 26.6°). A total of 93 samples from the 
unconsolidated core sediments were analyzed (Figure 4.6).  
Dolomite crystal ordering was determined on the first run of XRD analyses. The 
relative peak intensity of [105] peak (2$ = 35°) to [110] peak (2$ = 37°) was used to 
identify the degree of ordering (i.e., the higher the ratio, the higher the ordering degree) 
(Goldsmith and Graf, 1958). Most dolomite present in the study area is poorly ordered to 
disordered. The second XRD run (2$ = 25°-33°) did not incorporate the ordering peaks; 
determination of dolomite stoichiometry was the utmost priority while performing the 







Figure 4.6 X-ray diffraction spectrum of a powdered bulk sample showing gross 
mineralogy (quartz, calcite, dolomite, etc.) and calcium fluoride (used as a standard). 
Inset shows an expanded dolomite peak showing the [104] reflection (2.88 %). This peak 
is used to calculate stoichiometry of the dolomite. Note the wide right shoulder of the 
calcite [104] reflection, which indicates high-Mg calcite. The ordering of dolomite was 
determined from the ratio of the [015] to [110] reflection and found to be 0.56 which is 
disordered.  
 
4.3.1.1 Dolomite Stoichiometry  
Carbonate mineral compositions were determined by assessing deviation from 
standard peak positions: aragonite (2$ =26.2°), [111] plane; LMC (2$ = 29.5°), [104] 
plane; and HMC (2$ = 29.8°), [104] plane. Disordered non-stoichiometric dolomite has a 
range of peak positions around (2$ = 30.5°), while stoichiometric dolomite has a peak 
position of (2$ = 30.99°) for the same [104] plane. Different intensities of dolomite peaks 
were read directly from computer printouts in counts per minutes (CPM) vs. 2$. 
Stoichiometry calculation and exact mineralogical composition of different dolomites 
 
 38 
was determined by the variations in the mole percentages of MgCO3 in the crystal lattice 
by displacement of the 2$ position of the [104] peak, following procedures of Matthews 
(1965). 
4.3.1.2 Dolomite Separates  
Isolation of 100% of dolomite separates was attempted but was not successively 
achieved. Mixing of siliciclastic with carbonate sediments and higher solubilities of 
micritic-sized carbonate minerals, which resulted in larger surface area, led to 
susceptibility to dolomite dissolution. Prospective samples were washed several times 
with distilled water to ensure removal of all salts from samples. Subsequently, samples 
were dried and powdered by a manual pestle and mortar and then passed through a 80 
mesh sieve to insure uniform grain size. Then, samples were leached successively in 10% 
diluted Ethylene Diamine Tetra Acetic (EDTA) acid for several repetitions. Due to the 
low weight fraction of dolomite in the sediment samples, along with agglomeration of 
clay minerals to dolomite surfaces, complete isolation of pure dolomite was unsuccessful 
(confirmed by XRD). It is also clear that increased reaction times during these leaching 
steps will cause a shift toward preferential retention of more stoichiometric dolomite by 
dissolving the more soluble, less stoichiometric phases (Babcock et al., 1967). In order to 
overcome adhesion of clay-sized minerals to dolomite, sodium chloride was added to 
encourage flocculation of clays and less dense minerals to precipitate (e.g., quartz, 
plagioclase feldspar, gypsum, etc.). Unfortunately, suspension of dolomite particles in 
solution was unsuccessful. Therefore, further attempts at obtaining 100% dolomite 
separates was abandoned.  
Moreover, traditional mineralogical analyses (e.g., XRD and petrographical 
 
 39 
description) were unsatisfactory in distinguishing between different types of dolomite and 
their sizes. Hence, advanced quantitative mineralogical analysis was pursued, which 
aided in the identification of various characteristics of different dolomite types. 
4.3.2 QEMSCAN"  
 QEMSCAN® (Quantitative Evaluation of Minerals by SCANning electron 
microscopy) provided a robust quantitative mineralogical tool for identification of 
various dolomite types in Kuwait Bay sediments where dolomite was distinguished from 
other mineralogical phases in muddy mixed carbonate-siliciclastic sediments. The 
validity of the system depends on the mineral characterization stored in the Species 
Identification Protocol (SIP) files, the sample preparation method, and the spatial 
resolution (Gottlieb et al., 2000). The SIP file is a collection of different spectra from 
different mineral types that provides identification for unknown mineralogical phases. 
Spatial resolution is the distance at which two different mineralogical phases can be 
recognized. Sample preparation differs based on sampling types and the different goals of 
each project. 
4.3.2.1 System Design 
QEMSCAN" is a fully automated analysis system that provides quantitative 
mineralogical and textural data. The system consists of four Bruker X275HR silicon drift 
Energy Dispersive X-Ray Spectrometers (EDS) on a Carl Zeiss EVO50 scanning electron 
microscope. iDiscover" software governs the automated stepping of the electron beam 
across samples at a user-defined pixel resolution. The measurement of the stepping 
interval for this study was set at 5 micron pixel spacing for each sample. At each pixel 
location, the system collects a backscatter electron (BSE) signal and an EDS x-ray 
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spectrum. Each spectrum is compared to an existing mineral database in SIP, and once a 
positive identification is made, the spectrum is assigned a mineral name and color. The 
system then generates a false colored mineral map of the scanned area. The software 
quantitatively customizes raw EDS and BSE data by mineralogic composition, grain size, 
grain shape, and surface area. 
4.3.2.2 Sample Preparation 
Unconsolidated subtidal-cored sediments, subtidal and supratidal grab samples, 
and intertidal rock samples were analyzed by the QEMSCAN" instrument located at 
Colorado School of Mines. Mineralogical quantification for each sampling set required 
different preparation procedures. In order to identify the mineralogical components of the 
sediment samples, and dolomite distribution and grain sizes, unconsolidated samples 
were differently prepared than rock samples. 
4.3.2.2.1 Rock Samples Preparation 
Prior to analysis, intertidal rock samples were thin-sectioned and polished twice 
for one minute using a polishing cloth and 1-micron alcohol-based diamond suspension. 
Subsequently, thin-sectioned samples were carbon-coated to establish an electrically 
conductive surface for analysis. The slides were scanned frame by frame in order to 
produce a false colored mineral map of each particle; maps were stitched together to 
create a mosaic map for each slide using FieldImage Analysis" (FIA). The final product 
was a false-colored image of the sample with a large data set that can be queried and 




4.3.2.2.2 Unconsolidated Sediments Preparation 
Unconsolidated samples from subtidal cores were quartered using a combination 
of electrical grinder and regular knife. Samples were retrieved from every 5 cm intervals 
on one quarter of the core, and oven dried at a temperature of 60°C for three days. A total 
of 99 samples were produced from the three cores. A dry slice from an interval of depth 
0-5 cm (core top) from Core 1 was selected for initial QEMSCAN" work. To preserve 
sedimentary layering and textural relationships, dried samples were mounted directly into 
epoxy resin, ground and polished. However, the unconsolidated nature of the sample 
material and the abundance of clay and silt-sized particles made it very difficult to grind 
the samples. Even impregnation with heated epoxy resin and adjustment of the polishing 
methods did not produce a satisfactory polished surface. Therefore, the samples were de-
agglomerated using mortar and pestle, and passed through 5 mesh sieves #10, 35, 60, 
120, and 230 instead. Subsequently, sieved samples were mixed with graphite powder of 
a similar particle size, and at a ratio of 3:1 using a sonic shaker for 10 seconds. Addition 
of graphite greatly reduces sample settling, density segregation and agglomeration in the 
epoxy mount. .In 30 mm diameter molds the graphite-sample mixture was then mixed 
with epoxy resin, and cured under pressure of 250 psi for 5 hours. Polishing and coating 
with carbon followed in order to establish an electrically conductive surface for analysis. 
4.3.2.3 Measurements Modes 
 QEMSCAN® contributed modal abundance, mineralogical distribution and 
association of dolomite that adequately aided in identification of assorted characteristics 
of either  dolomite types. Customization of raw modal data and mineralogical distribution 
of dolomite and its host particles provided the grounds for distinguishing different 
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properties of dolomite in the study area. Dolomite grain size, shape, abundance, 
distribution and association with other mineralogical phases were pursued and compared 
between sub-samples in the cores. 
 To achieve the goals of this project, two modes were utilized in QEMSCAN® 
analysis. All subtidal unconsolidated sediments from subtidal and supratidal 
environments were analyzed using Particle Mineral Analysis (PMA) mode, while 
supplemental thin sections from beach rocks were analyzed by Field Scan Analysis 
(FSA). 
4.3.2.3.1 Particle Mineral Analysis (PMA) 
 PMA is a two dimensional analysis that measures the entire area of every particle. 
Particle sections that touch each other are rejected from further analysis. Therefore, it 
provides a detailed mineralogical characterization of individual particles. The analysis 
generates an image of each particle and provides quantitative modal mineralogy, particle 
size, and mineral association data, which are ideal for liberation/locking analysis 
(Gottlieb et al., 2000). The smaller the point spacing, the higher the resolution and the 
longer the analysis would be. The spatial resolution used for mineral identification was 5 
x 5 µm point spacing in order to obtain the highest chemical and textural resolution 
possible (Figure 4.7). 
4.3.2.3.2 Field Scan Analysis (FSA) 
 FSA captures a full petrographic image of each field on a sample. It is ideal for 
mapping a rock or thin section. It collects a chemical spectrum at a set interval within the 
field of view where each point is then processed to produce a user-defined resolution 
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digital image of the texture of the specimen. For this project, the spatial resolution varied 
from 2.5 to 25 µm (Figure 4.8).  
4.3.2.4 System Limitations 
 The validity of the data from the QEMSCAN® system mainly depends on the 
sampling methods of the overall assemblage of particles. Pirrie et al. (2009) found that 
instrumental variability of QEMSCAN® is a function of the sub-sampling of different 
sub-sets of the overall particles present.  
Reproducibility of data in this study was determined by repeated analysis of five 
5x5 mm areas in three samples (i.e., Core 3.5, 3.11, and 3.30) using the Particle 
Mineralogical Analysis (PMA) software module. Analytical variability (i.e., instrumental 
error) of QEMSCAN® toward characterizing dolomite in the samples is 1.3%. Standard 
deviation and relative standard deviation were calculated to ensure the precision and 
repeatability of the modal abundances of dolomite data from the QEMSCAN® system 
(Table 4.1)(Appendix A).  
 
Table 4.1 Modal percentages of dolomite from repeated analyses for the three different 
samples. 






 (! %) 
Core 3.5 12.85 12.93 12.73 0.104 0.81 
Core 3.11 14.70 13.78 14.14 0.344 2.43 




Figure 4.7 QEMSCAN mineral maps of study area particles illustrating the range of 
mineral phases and their and textures. Particles are shown to illustrate the range of 
compositions, textures and associations. Particles are sorted by decreasing area. Dolomite 




Figure 4.8 False-colored digital image of loosely lithified ooid grainstone from the Doha 
shoreline. The upper image was scanned at 25 "m point spacing; the lower image was 
scanned at 2 "m revealing the concentric bands of oolite and various siliciclastic nuclei. 





4.4 Geochemical Analyses: Scanning Electron Microscopy (SEM), Electron 
Microprobe Analysis (EMPA) and Stable Isotopes 
 Semi-automated mineralogical analyses that utilize image identification (SEM 
and EMPA) were employed to identify the micromorphological characteristics and 
geochemical composition of various dolomite crystals in the studied samples. 
Additionally, geochemical signatures of subtidal bulk samples were obtained by 
conducting oxygen and carbon stable isotopes analysis. 
4.4.1 Scanning Electron Microscopy 
A reconnaissance observation of dolomite was carried out using a JEOL840-A 
SEM equipped with a backscattered electron detector and a Link Analytical Energy 
Dispersive x-ray (EDX) system. . The SEM is located in the Geology and Geological 
Engineering Department at CSM. Sediment samples were semi-consolidated blocks 
coated with a thin layer of gold in order to establish an electrically conductive surface for 
analysis. Visual inspection and imaging using different magnifications was employed to 
study micromorphological characteristics of dolomite grains.  
Additional SEM examination was exercised using a JEOL" 5800LV, located at 
the United States Geological Survey (USGS) in Lakewood, Colorado.  Spot EDS analysis 
gave semi-quantitative measurements of the elemental composition of different types of 
dolomite. Analyses were performed on the same whole sediment samples that were 
prepared for the QEMSCAN analysis.  
Samples with higher dolomite percentages were centrifuged in order to separate 
dolomite in the silt and clay fractions from the rest of the grain sizes, following the 
method of Poppe et al. (1988). Subsequently, samples were freeze-dried and quadruply 
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mounted on a single epoxy mount. Mounts were cut and polished and then carbon coated 
for SEM analysis. 
4.4.2 Electron Microprobe Analysis 
EMPA was conducted on the same spots as previous SEM EDS analyses; this 
provided fully quantitative chemical compositions of the different dolomite types. Seven 
sediment samples yielded 19 analyses. Samples were analyzed in the Denver Microbeam 
Laboratory located at U.S. Geological Survey, Lakewood, CO. The electron microprobe 
is a JOEL 8900 model equipped with five wavelength-dispersive spectrometers (WDS). 
Electron microprobe WDS analysis operates similarly to SEM-EDS, but with a superior 
sensitivity to major, minor, and trace element compositions. Accelerating voltage of 15 
kV and beam current of 20 nA remained constant during the analyses. Beam diameter 
was mostly 2 µm but occasionally was reduced to 1 µm to accommodate small sizes of 
dolomite grains. 
4.4.3 Stable Isotope Data 
Analysis of oxygen and carbon stable isotopes for the carbonate fraction of the 
samples was performed at CSM Stable Isotope Laboratory. Carbonate samples for stable 
carbon and oxygen isotope analysis were weighed to the equivalent of 90 µg CaCO3.  
Sample powders were reacted on-line at 90°C in a GV Instruments MultiPrep preparation 
device.  The resulting CO2 was cryogenically purified and analyzed by standard duel-
inlet techniques on a GV Instruments IsoPrime stable isotope ratio mass spectrometer. 
Corrections by Craig (1950) were applied for the contribution of 17O, and all data are 
reported as a per mille difference from the Vienna PeeDee Belemnite (VPDB) 
international reference standard.  Repeated analysis of an in-house carbonate standard, 
 
 48 
calibrated to VPDB via NBS and IAEA standards, has yielded an external precision of 










Previous studies suggested that unconsolidated dolomite present in Kuwait Bay is 
predominantly of eolian origin, with suspected authigenic dolomite possible, but 
unconfirmed (Mohammed and Al-Shamlan, 1977; Gunatilaka et al., 1984, 1987a; 
Gunatilaka, 1991 and El-Sayed et al., 1991). Based on these studies of the mineralogy, 
sedimentology, and geochemistry of shoreline sediments of Kuwait, along with sediments 
in Kuwait Bay, any presence of authigenic dolomite is likely diluted by a large eolian 
influx of siliciclastic fine-grained material and eolian detrital dolomite. In this chapter, 
results from sediments in Kuwait Bay document the occurrence of dolomite with multiple 
origins. 
A two-part strategy for dolomite investigation was established. Mineralogical 
analyses and geochemical investigations were the two major approaches for documenting 
dolomite characteristics in the study area. First, mineralogical investigations were derived 
from traditional XRD and semi-quantitative SEM/EDS analyses. Dolomite stoichiometry 
was determined by XRD. Furthermore, quantitative mineralogical analyses of the 
dolomite was employed using the statistical capabilities of QEMSCAN® technology.  
Secondly, this study analyzed geochemical results of bulk subtidal samples using 
oxygen and carbon stable isotopes and Electron Microprobe Analysis (EMPA). EMPA 
was used to verify stoichiometric compositional ranges of fine-grained dolomite 




5.1 X-Ray Diffraction Analysis (XRD) 
XRD reveals that the all cores consist principally of quartz, feldspar, calcite, and 
dolomite. Calcite and dolomite occur in all samples from Kuwait Bay. Calcite is present 
as both low-Mg calcite (LMC – 0-4 mol% MgCO3) and high-Mg calcite (HMC >4 mol% 
MgCO3). Dolomite is present in every sample and it exhibits variable stoichiometry.  
XRD diffraction patterns show a broad range of dolomite stoichiometric 
compositions; however, these can be grouped into three main types. The first dolomite 
has an average d-spacing of d104 = 0.2883. Such a peak is typical of stoichiometric 
dolomite where the MgCO3: CaCO3 ratio is 50:50. The second strongest dolomite peak 
corresponds to an ordered non-stoichiometric dolomite that is calcium rich (d104 = 
0.2893). The third dominant peak has a poorly crystalline protodolomite structure (d104 = 
0.2905), which is a calcium-rich dolomite with magnesium and calcium occurring in the 
same layers as opposed to ordered stoichiometric dolomite, which has those cations 
completely segregated. 
Natural admixture of the three dolomite types produces a [104] peak that is quite 
variable (Figure 5.1), depending on the relative proportions of the dolomite types in the 
sediment. Table 5.1 shows three major phases of dolomite found in the study area; 
ordered stoichiometric (~50 mol% MgCO3), ordered non-stoichiometric (45-49 mol% 
MgCO3), and poorly crystalline protodolomite (42-45 mol% MgCO3) (Appendix A). 
All three dolomite types occur together in the upper 50 cm of Core 1 and 3 with 
percentages changing with depth, while only ordered-stoichiometric dolomite is found in 
the upper 50 cm of Core 2. Figure 5.2 shows dolomite diffractograms for core-top 




Table 5.1 Stoichiometric compositions of the three main dolomite types (in mol% 
MgCO3) found in the three cores. 
 
 
Cores 1 and 3 have a broad dolomite signature that incorporates all three types of 
dolomite present. Core 2 demonstrates a very narrow dolomite diffraction pattern, 
showing only two dolomite peaks, along with higher percentage of dolomite. 
Protodolomite samples occur in the lower 50 cm of Core 2. 
5.1.1 Dolomite Stoichiometry in Core 1 
Below 50 cm depth, poorly crystalline protodolomite is absent in Core 1, but 
ordered non-stoichiometric dolomite and intervals of ordered stoichiometric dolomite are 
present. The ordered non-stoichiometric dolomite shows the widest variability in 
stoichiometry, ranging from 45.3 to 48.9 mol% MgCO3, with a mean composition of 47.6 
mol% MgCO3. Protodolomite shows the most consistent composition of the non-
stoichiometric types (i.e., ordered non-stoichiometric and protodolomite), ranging from 
42.8 to 44.9 mol% MgCO3, with a mean composition of 44.5 mol% MgCO3. Figure 5.3 
indicates that Core 1 shows a characteristic wide peak for the core-top sample (1-1) and 
slightly narrower peaks for the succeeding three samples.  
No. of 
samples Dolomite Type: mol% MgCO3 
Range 
Mean 
Core 1 Core 2 Core 3 
Ordered Stoichiometric 
dolomite: (49.22-50.13) 49.75 12 4 23 
Ordered non-Stoichiometric: 
(45.26-48.92) 47.59 24 36 35 
Protodolomite: 
(42.81-44.96)! 44.46 10 5 4 
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5.1.2 Dolomite Stoichiometry in Core 2 
Core 2 shows a uniform occurrence of ordered non-stoichiometric dolomite 
throughout the core. Stoichiometric dolomite is occasionally present. XRD stoichiometric 
analysis also shows that two different compositions of ordered non-stoichiometric 
dolomite are present. Core 2 displays a uniform dolomite percentage throughout the 
entire core but shows a downward decrease in stoichiometry (Figure 5.4).  
5.1.3 Dolomite Stoichiometry in Core 3  
Core 3 exhibits a uniform presence of stoichiometric dolomite throughout the 
core, with an abrupt occurrence of poorly crystalline protodolomite at a depth of 50 cm, 
that only persists downward for 15 cm. Overall, compositional variability of dolomite in 
Kuwait Bay, as demonstrated in Cores 1-3 has not previously been reported.  
5.2 Scanning Electron Microscopy 
With dolomite compositional variability established by XRD, the focus of this 
section will be on the micromorphological characteristics of the dolomite. Sediment grain 
mounts were used to acquire these characteristics. Owing to the minute dolomite grain 
sizes (generally <20 µm), they were virtually impossible to recognize in thin section 





Figure 5.1 Crystal models of Mg-bearing carbonates (calcite and dolomite). A) 
Comparison of crystal structures of calcite, calcian dolomite and stoichiometric dolomite. 
Naturally occurring calcites have 0-32 mol% MgCO3 substitution for CaCO3 on a random 
basis within the calcite crystal lattice. Stoichiometric dolomite has a 50:50 Ca to Mg 
ratio, where Ca and Mg occupy alternating cation layers. In between the two end 
members, calcium-rich dolomite is referred to as a non-stoichiometric and has a poor 
separation of the Mg and Ca into the appropriate lattice sites, with a wide compositional 
range from 32-49 mol% MgCO3. B) General chart for X-ray determination of mol% 
MgCO3 in carbonate crystal lattices using Cu-K# 2-theta position (Goldsmith et al., 
1961) and taken from Scholle and Ulmer-Scholle (2003), with the three main dolomite 





Figure 5.2 Composite XRD net intensity traces of unconsolidated core-top samples for 
the three cores with a moving two-point smoothing. Each trace shows the presence of 
low-Mg calcite (Calcite), high-Mg calcite (HMC) and dolomite. The dolomite signal for 
each trace (shaded area and inset figures) indicates variable dolomite compositions.  Ideal 
dolomite would have a 2-theta value of 30.99 (d-spacing of 2.88 A), and more calcium-
rich dolomite has correspondingly smaller 2-theta angle (or greater d-spacing). A) 
Sample 1-1 shows a very broad dolomite peak, suggesting a wide range of protodolomite, 
non-stoichiometric dolomite, and stoichiometric dolomite. B) Sample 2-1 shows a higher 
percentage of dolomite in general, a sharp stoichiometric dolomite peak, and an ordered 
non-stoichiometric dolomite shoulder toward lower 2-theta values. C) Sample 3-1 trace is 
similar to sample 1-1, but perhaps shows more stoichiometric dolomite and more 






Figure 5.3 Composite XRD spectra of the first four samples in the uppermost 15 cm of 
Core 1 showing the main mineralogical phases. Samples are collected 5 cm apart. The 
dolomite signal for each trace is highlighted by the shaded area and inset figures. A) The 
sample is obtained from sediment/water interface. It shows a very broad dolomite peak, 
suggesting a wide range of protodolomite, non-stoichiometric dolomite, and 
stoichiometric dolomite. B) The sample (5cm deep) shows a distinctive peak of 
stoichiometric dolomite only. C) Dolomite signal in the sample (10 cm) indicates the 
occurrence of several types of dolomite in the core, with protodolomite occurring with 
non-stoichiometric and stoichiometric dolomite. D) The sample (15 cm) shows a wide 








Figure 5.4 XRD patterns of Core 2 samples of the first five samples in the uppermost 20 
cm. Samples are 5 cm apart. Non-carbonate minerals include quartz, K-feldspar and 
plagioclase. An amplified dolomite signal for each sample (inset figures) shows multiple 
peaks, indicating the presence of different dolomite phases. Note the gradual shift to less 
stoichiometric dolomite with depth. A) Core-top sample (sediment/water interface) and 
B) sample (5 cm) both exhibit a stoichiometric dolomite peak. C) Sample at 10 cm depth 
represent multiple phases of dolomite that appear also at depth of 15 and 20 cm below 
sediment water interface. D) and E) Protodolomite, non-stoichiometric and stoichiometric 
dolomite are present in the samples from 10, 15 and 20 cm depths, respectively. 
 
5.2.1 Dolomite Size Distribution  
Dolomite is present in varying size fractions (from <1 to 100 µm). Euhedral 
dolomite crystals of less than 10 µm were abundant in all core-top samples. The 
abundance of <10 µm dolomite crystals decreases below the first 20 cm below core top. 
The amount of dolomite present throughout the core is relatively uniform, ranging from 
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15 to 19 wt%. Dolomite crystals appear as isolated rhombohedra that are euhedral to 
subhedral, and generally displaying well-defined crystal terminations. Dolomite occurs in 
three different modes: 1) within lithic clasts in variable size fractions (2 to 50 µm), as a 
very fine-grained matrix of euhedral to subhedral crystals filling pores between detrital 
grains (quartz and feldspars); 2) dolomite rhombohedra within intraclasts of siliciclastic 
aggregates; and 3) isolated rhombohedra less than 10 µm, some with fractured and etched 
surfaces (Figure 5.5). 
In general, dolomite rhombohedra that occur within lithic clasts are pristine, with 
euhedral terminations and lacking any identifiable evidence of diagenesis, such as 
dissolution and/or recrystallization (Figure 5.6). Occasionally, isolated dolomite 
rhombohedra show evidence of diagenesis and disruption, including corroded rims and 
fractured features with partially hollowed centers (Figure 5.7). 
As above, the third type of dolomite generally occurs as 1 to 5 µm, well-formed 
rhombs with a center of dark material (Figure 5.8), similar to those described by Carballo 
and Land (1984) and Behrens and Land (1972), both of which have been interpreted as 
modern-formed dolomite. Similar minute dolomite crystals have also been found in 
unconsolidated marine carbonate muds in southern Florida, as documented by Taft 
(1961) (Figure 5.8). Additionally, dolomite rhombs from this study (1-5 µm in size) are 
found in clusters associated with authigenic cubic pyrite (Figure 5.9). Some of the 
dolomite exists as submicron quasi-rhombic aggregates mantling calcite crystals in 













Figure 5.5 SEM photomicrographs showing dolomite rhombohedra (arrows) within lithic 
clasts. (a) Micritic-sized euhedral dolomite rhombohedron within a matrix of detrital 
grains. (b) Silt-sized detrital grains of quartz, feldspar, gypsum, calcite, and dolomite, 
loosely lithified by palygorskite. (c) BSE image of lithic fragments of detrital minerals 
with dissolution rims; dolomite is incorporated within the clast. However, dolomite 
crystals are present as singular crystals free of any cement floating on the grain mount. (d 
& e) Palygorskite serves as the major cement filling the pores spaces between detrital 















Figure 5.6 Scanning electron microphotograph showing an euhedral dolomite 
rhombohedron, covered with a thin layer of palygorskite (a Mg-clay mineral). Inset 
shows the coincident EDS spectrum. Elemental correspondence of magnesium and 
calcium is characteristic of stoichiometric dolomite. Palygorskite elemental components 
signals of (Al, Si, K, Ca, and Mg) are interfering with dolomite. Close association 












Figure 5.7 BSE images of fractured dolomite rhombohedra. (a) Etched dolomite 
rhombohedron loosely cemented by palygorskite, contained within a lithic clast and 
adjacent to a highly degraded feldspar crystal (just below the rhomb). (b) Fractured 









Figure 5.8 Photomicrographs of core-top dolomite crystals (<5 µm). (a) Example of a 
subhedral dolomite crystal found in abundance within core-top sediments of Core 1. (b) 
Euhedral dolomite crystal showing dark core. (c) Euhedral dolomite crystal loosely 
attached to its surrounding by palygorskite cement. (d) Micron-scale euhedral dolomite 









Figure 5.9 Equant octahedral pyrite crystals forming as authigenic clusters, together with 
authigenic euhedral dolomite crystal in the middle, and submicron (<1 µm) dolomite 
spheroids to the lower right corner of the image. The upper insert microphotograph shows 
encapsulation of pyrite on smaller euhedral crystals of probable submicron dolomite. 











Figure 5.10 Dolomite forms as submicron quasi-rhombic aggregates (0.5-1 "m wide) on 
calcite crystal found in the organic-rich core-top sample of Core 1. While both calcite and 
dolomite have the same BSE intensity, EDS spectra show different elemental 
composition. Inset figures show EDS spectra of elemental composition of dolomite and 
calcite with higher calcium concentration in the dolomite crystal, which is characteristic 






5.3 Quantitative Mineralogical Analysis Using QEMSCAN®  
  QEMSCAN®  analysis contributed modal abundance, mineralogical distribution 
and association of dolomite that aided in identification of characteristics of both eolian 
and authigenic dolomite types. Manipulation of raw modal data and mineralogical 
distribution of dolomite and its host particles provided the grounds for distinguishing 
different properties of dolomite. Dolomite grain size, shape, abundance, distribution and 
association with other mineralogical phases were identified and compared among the 
three cores. 
5.3.1 Modal Abundance of Bulk Subtidal Sediments 
 QEMSCAN® quantitative analysis was carried out on three core sections using 
the PMA mode. The three cores were of similar length (1.5-2 m), and yielded roughly the 
same number of samples per core (# 30 samples), with a total of 93 samples. All major 
mineralogical phases (calcite, quartz, feldspars, clays, etc.) of sediment samples exhibit 
similar proportions among the cores. Various clay minerals (kaolinite, smectite, illite, and 
chlorite groups) collectively comprise the most abundant siliciclastic phase (21%), 
followed by quartz (13%), feldspar (9%), gypsum (1%), pyrite (1%), and others (Figure 
5.11, 5.12, and 5.13). However, clay minerals almost double in abundance in grab 
samples from the southern part of the study area (41%), compared to cores in the north, 





Figure 5.11 Mineral percentages for Core 1. Carbonate minerals constitute approximately 
50%. Percentages of siliciclastic minerals are variable throughout. 
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Figure 5.12 Mineral percentages for Core 2 showing a gradual increase of dolomite 
content with depth.  
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Figure 5.13 QEMSCAN® modal mineralogy of Core 3 shows a fairly uniform 
percentage of all phases with depth. The measurements run at 5µm stepping interval. 
Contrary to Core 1 and 2, the mineralogical content of Core 3 is the most uniform among 






5.3.2 Modal Abundance of Carbonate Minerals 
 Carbonate minerals (calcite/aragonite, HMC, and dolomite) comprise 
approximately 50% of the total sediment composition among the three cores. Dolomite is 
represented in all samples and appears to be consistent in abundance throughout the study 
area. On average, the CaCO3 calcite/aragonite polymorph is the most abundant carbonate 
phase (34% of total, QEMSCAN does not differentiate between these polymorphs), 
followed by dolomite (17%). Core 1 shows a higher dolomite content (18%) than Core 2 
(14%) and Core 3 (15%) within the first 15 cm below core-top. At 40 cm below the 
sediment/water interface, the dolomite content of Core 2 drops abruptly to 12% (one 
sample), and then continues to progressively increase to reach more than 20%. Starting at 
60 cm below the sediment/water interface, dolomite content is consistent between Core 1 
and Core 3, at about 16% (Figure 5.14). 
 Carbonate phases in unconsolidated grab samples from southern Kuwait Bay 
occur in slightly lower percentages compared to cores from the northern part of the Bay 
(42 wt.% vs. 50%) (Figure 5.15). The calcite/aragonite polymorph is 28 wt.%, while 
dolomite is lower with 12 wt.% in the southern samples. 
5.3.3 Particle Size Distribution 
 Particle size distribution of the subtidal unconsolidated sediments shows that the 
majority of samples are very fine sand (v.f.s.) to coarse silt (c.s.) size fractions (i.e., 
between 75 to 200 µm). In the finer size fractions, particles are uniformly distributed 
throughout ($ 75 µm) with an average of 2% for each size fraction (Figure 5.16). Most 




Figure 5.14 Weight percentage of dolomite in the three subtidal cores. Core 1 shows a 
higher percentage in the uppermost sediments than the other two cores, while Core 2 




Figure 5.15 Mineralogy of subtidal sediments from southern Kuwait Bay. These samples 
show a lower weight percentage of carbonate minerals, a consistent dolomite percentage, 
and a higher percentage of clay minerals compared to northern Bay core samples. 
 
Table 5.2 Modal mineralogy as % of major mineralogical phases of the subtidal cores in 
northern Kuwait Bay and subtidal grab samples obtained from the southern part of the 
Bay. 
  
Mineral Core-1 Core-2 Core-3 Grab samples 
Calcite/Aragonite 35 34 34 28 
Dolomite 17 17 16 12 
Quartz 13 14 12 7 
Feldspar 9 9 8 5 






Samples in all three cores show an abrupt increase of about 10% to the coarse silt and 
very fine sand fractions. While larger sizes are present, they are volumetrically less 
significant (Figure 5.16). In general, samples in the coarse silt size fraction average 
around 12% of total particles; they show an increase with depth to reach more than 25%.  
5.3.4 Dolomite Particle and Grain Size Distributions 
 Dolomite particle and grain size data were obtained using the ‘Granulator’ 
processor, which is integrated into the QEMSCAN i-Discover® software. The Granulator 
processor digitally extracts selected mineral(s) from their host particles, and converts 
them into individual particles whose property functions (e.g., area, elemental mass, size, 
etc.) can then be analyzed. In this case, dolomite particles were extracted from their 
original hosts (Figure 5.17).  
  Dolomite extracted from composite particles is shown in Figure 5.18. Here 
dolomite grains show a bimodal size distribution, with maxima in the very fine silt (v.f.s.) 
and clay size fractions in the upper 75 cm of the core, followed by a decrease in clay size 
fraction where v.f.s size fraction sustained throughout the core depth. Almost all 
granulated dolomite consists of crystals less than 10 "m (Figure 5.19). A comparison 
between the uppermost water/sediment interface sample (1-1) and sample (1-29) of Core 
1 revealed that dolomite grains in the coarse silt and very fine sand size fractions 
increased by 3% with depth (Figure 5.20). 
5.3.5 Dolomite Particle Shape Factor 
All samples were analyzed using the shape factor property in i-Discover, which 
provides an indicative value of the roundness of particles. All particles were analyzed 
prior to granulation of dolomite grains (Figure 5.21) and then again after; both sets of 
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analyses were typically in the sub-rounded category (Figure 5.22). Bulk particles show 
dominant distribution (>95%) among all size fractions (clay, and very fine, fine, medium 
and coarse silt) with sporadic occurrence of sub-elongated particles in the coarse silt size 
fraction. All granulated dolomite grains occur as sub-rounded grains (Figure 5.23). 
 
 
Figure 5.16 Particle size distribution plot of Core 1showing the majority of all particles 




















Figure 5.17 QEMSCAN particle map. A) Particle map showing microtextural association 
of mineralogical phases. B) After Granulator application; all mineral phases are omitted 
except for dolomite. C) Sorting of dolomite particles after applying the Granulator 






Figure 5. 18 Plot showing a bimodal distribution of host particles of dolomite against 
their size fractions for Core 1, with high particle counts in both clay size and very fine 
sand size fractions. Note that silt-sized grains are low in abundance. 
Figure 5.19 Dolomite grain count distribution for Core 1showing predominance of 




Figure 5.20 Particle count of dolomite-hosted particles of the core-top sample (upper 
figure) and sediment sample at depth of 2 m (lower figure) of Core 1. Core 1 shows a 
doubling of particle counts in the fine sand size fraction. Note the bimodal dolomite 
particle size distribution with maximum counts shown in the 5-10 !m size fraction for the 
core-top sample and in the fine sand size fraction for the sample from 2 m deep. 
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Figure 5.21 QEMSCAN particle shape distribution map of the mineral phases of Core 1. Most particles exhibit a sub-rounded shape 
(15-30 shape factor) in all size fractions, while a minor component occurs as sub-elongate shapes. Pixel size = 5 !m. 
 
 79 
Figure 5.22 QEMSCAN particles shape distribution map of dolomite host particles showing that dolomite occurs throughout Core 1 as 
sub-rounded grains in all size fractions. Dolomite grains with sub-angular to elongate forms are present in the coarse silt to very fine 




Figure 5.23 Shape factor comparison between all bulk particles (upper figure) vs. 
granulated dolomite (lower figure) of Core 1. Most of the bulk particles and all 





5.3.6 Mineralogical Liberation Analysis 
 Another function of the i-Discover software is a method to calculate the degree of 
mineral locking/liberation, a calculation typically carried out for precious and base metals 
in the minerals industry. Mineral liberation analysis provided textural image analysis of 
liberated minerals for each size fraction. Grid maps of the liberated minerals were plotted 
by calculating their area percentage against their size fractions. In this study, liberation 
calculations were performed on dolomite, calcite, and quartz (Figure 5.24). The latter two 
minerals were included since they represent two end members of any mixed 
carbonate/siliciclastic environment. A detailed quantitative study was conducted on Core 
1 due to its proximity to the Kuwait Bay headland. This Kuwait Bay entrance typically 
has high salinity due to discharge of effluents from the Subiyah desalination plant and the 
natural high rate of evaporation. Therefore, samples from Core 1 were selectively chosen.  
5.3.6.1 Modal Abundance of liberated minerals in Core 1 
 The vast majority of mineral phases are locked in their host particles. Host 
particles are composed mainly of calcite and quartz; about 25% of calcite is liberated 
while quartz does not show any potential for liberation. Liberated dolomite grains 
comprise 11% of total particles in the study area, while the rest is locked in calcite-
cemented particles (Figure 5.25). Liberated dolomite mostly exists in all size fractions 
smaller than fine silt (Figure 5.26). Modal abundance of liberated dolomite from 
water/sediment interface of Core 1 shows that the majority of liberated dolomite appears 
to be !10 "m in size and comprises less than 10% of the total dolomite present in the 














Figure 5.24 QEMSCAN size distribution map of locked grains along with liberated 
quartz, calcite and dolomite for all samples in Core 1. Quartz grains are always fully 
locked. Calcite and dolomite show a high degree of liberation in the clay and very fine 
silt size fractions. Overall, calcite shows a steady decrease from clay to very fine sand 








Figure 5.25 Liberation of calcite, dolomite, and quartz from Core 1. Quartz is fully 
locked in composite particles, while liberated calcite and dolomite make up 25 and 11% 


























Figure 5.27 Plot of the size distribution of liberated dolomite in Core 1. Only less than 










5.3.6.2 Comparison of Liberated Dolomite Between Subtidal Cores 1 and 3 
Core 3 is the closest sampling site to the nearby supratidal sabkha (less than 250 
m). Tidal currents at the Core 3 sampling site are noticeably weaker than that of the Core 
1 site. Liberated dolomite and calcite dominate Core 3 in almost all size fractions (clay, 
silt, and fine to medium sand size fractions) (Figure 5.28). Quartz remains locked in all 
size fractions of the samples. In Core 3, while liberated dolomite dominates in the clay 
size fraction, it is also present in the very fine, fine and medium silts size fractions 
(Figure 5.29). In contrast, locked dolomite dominates in the very fine, fine and medium 
sand sizes.  
 Comparison between all samples from Core 1 and Core 3 shows that liberated 
dolomite in Core 1 is lower in abundance and mostly occurs in the clay size fraction,  
(Figure 5. 26 and Figure 5.29). 
 Quantitative mineralogical analysis indicates that locked dolomite particles are 
associated with siliciclastic minerals and are lithified by calcite in their host particles 
(Figure 5.30). Dolomite occurs as a consistent component in all size fractions of the 
unconsolidated subtidal sediments of northern Kuwait Bay (Figure 5.31). 
5.3.7 Quantitative Mineralogical Analysis of the Northern Sabkha 
 A brief exploratory quantitative mineralogical analysis was conducted on adjacent 
sabkha sediments in northern Kuwait Bay to enable mineralogical comparison of 
supratidal sabkha and subtidal environments of the study area. Sabkha samples comprise 

















Figure 5.28 QEMSCAN size distribution grid map of liberated quartz, calcite and 
dolomite for Core 3. Liberated calcite and dolomite occur in all silt size fractions. Pixel 








Figure 5.29 Plot of size distribution of liberated dolomite of Core 3 showing a decrease of 35% 
from liberated dolomite in Core 1 (Figure 5.26) in the less than 10 !m size fraction.  
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Figure 5.30 Percentage mineralogical association of locked dolomite with all other mineral 
phases for all samples of Core 1. Dolomite is mainly associated with the calcite/aragonite 














Figure 5.31 Digital, false color-coded particle mineral maps generated by QEMSCAN® of core-
top samples for Core 1 and 3. Each box show a particle map along with the plots of particle 
count distribution of liberated dolomite. (A) Liberated dolomite in Core 1 constitutes 
approximately 10% of total dolomite and is principally in the clay size fraction. (B) Particle 
count of liberated dolomite makes up less than 1% for Core 3. Clays are the major cementing 
minerals in host particles in Core 3 in contrast to Core 1, where calcite is the dominant cement. 
Both maps show angular composite particles containing dolomite in all size fractions. Scale is 

















 Quartz comprises more than 50% of total mineral phases for the sabkha. Calcite only 
makes up to 12%, where dolomite constitutes 3% of the total bulk mineralogy (Figure 
5.32).Sabkha sediments show a similar particle size distribution as the subtidal sediments, with 
the exception that percentages in the silt size fraction are lower in the supratidal environment 
(Figure 5.33). Most dolomite grains occur in the very fine, fine, and medium sand particle size 
fractions (Figures 5.34 and 5.35). 
5.3.8 Quantitative Mineralogical Analysis of the Southern Intertidal Flats  
 QEMSCAN® can also provide an automated rapid characterization of mineral species 
and relationships in polished rock samples (Gottlieb et al., 2000). Hence, a brief reconnaissance 
petrographic analysis was conducted on beach rocks of southern Kuwait Bay with the goal to 
identify any dolomite in the intertidal zone. 
 Dolomite has not been identified in any rock samples of the southern intertidal flats of 
Kuwait Bay. Metastable High Magnesium Calcite (HMC) and aragonite are the carbonate phases 
present (Figures 5.36 and 5.37). Analysis at a higher resolution identified celestite as the pore-
filling cement in loosely lithified ooids (Figure 5.38). 
5.4 Stable Isotope Trends 
Stable isotope geochemistry is a critical tool for evaluating the hydrogeochemical environment 
of formation of carbonate minerals. It involves the measurement of the fractionation of 18O/16O 
and 13C/12C ratios, and comparing these ratios to the ratios of a standard. The comparison 
between sample and standard is expressed as delta notation (!). The value of !18O of carbonate 








Figure 5.32 Modal abundance of major mineral phases in the northern sabkha of Kuwait. 
Siliciclastic minerals dominate, with generally greater than 80% of the sabkha samples. Calcite 







Figure 5.33 Sabkha particle distribution percentage showing that most particles are in the very 
fine to medium sand size fractions. 
 
Figure 5.34 Particle count distribution of lithic particles that host dolomite in the sabkha. 




Figure 5.35 Particle map of sabkha samples. Siliciclastic minerals constitute a majority of the 















Figure 5.36 Representative mineralogy maps of intertidal rock samples from the southern Doha 
shoreline. Data were all acquired at a 25 µm analytical resolution. A) Oolitic limestone from the 
lower intertidal zone. B) Oolitic limestone of the upper intertidal zone, showing characteristics 
quite similar to the lower intertidal sample. Almost every ooid core is a siliciclastic mineral grain 
(quartz and feldspar). The matrix is grain supported with high porosity. Some pores are filled 
with celestite. C) Modal abundance shows more than 90% of the samples is composed of 










Figure 5.37 QEMSCAN ® BSE image of an intertidal rock sample from the southern Doha 






Figure 5.38 BSE image of an intertidal rock sample from the Doha shoreline showing 
decimicron-sized celestite crystals (light gray) occurring as pore-filling cements between ooids. 
 
On the other hand, carbon isotopic variation (!13C‰) is less dependent on temperature, 
but depends on biological processes like decomposition of organic matter and CO2 variations in 
the formation water. Carbonate stable isotopes data are commonly compared to other records to 
determine their potential origin or subsequent diagenetic alteration (Figure 5.39). Cross-plots of 
!18O and !13C values of bulk samples from Kuwait Bay are used in this study to determine the 
hydrogeochemical environment of formation. 
Oxygen and carbon stable isotope values of unconsolidated subtidal sediments from 
Kuwait Bay vary from -3.05 to –4.47‰ and -1.51 to -2.38‰, respectively. Stable isotope data 
derived from bulk subtidal sediments of Kuwait Bay are more depleted for both !18O and !13C in 
comparison to typical modern marine sediments (Figure 5.40). Evaporative concentration 
resulting in hypersaline seawater typically results in carbonate minerals that are more enriched 
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than normal marine sediments. This disparity between expected carbonate stable isotope values 
and their measured values will be evaluated in the Discussion section. 
Ideally, Stable isotope data should be collected from dolomite that has been 
mineralogically isolated from bulk sediments. Unfortunately, isolation of dolomite separates was 
not obtainable for this study (Section 4.3.1.2). 
5.5 Electron Microprobe Analysis (EMPA) 
 Electron microprobe analysis was used to examine the stoichiometry of clay-sized 
dolomite crystals that are unattached to other mineralogical phases (i.e., solitary liberated 
dolomite). Results of the electron microprobe analysis of dolomite stoichiometry are tabulated in 
Appendix A. Dolomite stoichiometry determined from electron microprobe WDS is lower than 
that measured from XRD analysis. High-resolution electron microprobe BEI, in conjunction with 
WDS, can detect subtle dolomite stoichiometric variability (Humphrey and Radjef, 1991). 
Because of the minute size of dolomite rhombohedra in this study, intracrystalline stoichiometric 
variability was not detected. Additionally, individual dolomite rhombohedra show a uniform BEI 
signal indicating a homogenous dolomite stoichiometry.  
5.6 Physicochemical properties of Kuwait Bay 
The subtidal cores were collected adjacent to the northern coast of Kuwait Bay, 1 km from the 
Subiyah desalination plant. The intertidal flats are bordered by salt-encrusted supratidal sabkhas. 
In situ measurements of water salinity, temperature, pH and dissolved oxygen (DO%) were 
obtained in October 2009 (Table 5.3). Kuwait Bay water temperatures are generally high, 
reaching 55°C (132°F) in summer and extreme salinity due to weak circulation. Additionally, the 
sampling sites were highly turbid and shallow (<2 m depth). Due to shallow water depth, no 




Figure 5.39 Generalized trends in the isotopic geochemistry of carbonate rocks showing that 
meteoric alteration shifts rock chemistry to lighter 18O/16O and 13C/12C ratios to lighter values 




Figure 5.40 Oxygen-carbon stable isotope cross plot of bulk subtidal sediments, Kuwait Bay. 
Isotopic values are characteristically depleted and tightly clustered values. 
 
Table 5.3 Physicochemical properties of seawater of Kuwait Bay.  













L-1 26.24 94 8.73 46.95 116.6 840 2680 5.26 3.31 13.6 
L-2 26.1 93 8.82 46.88 111.9 520 1640 5.2 3.43 15.63 
L-3 26.05 97 8.78 46.3 108.3 700 2260 5.32 3.87 18.18 
L-4 26.47 84 8.89 46.3 110.4 760 2420 5.25 3.90 18.06 
L-5 26.91 89 8.85 46.65 117.3 1440 4640 5.31 xxx xxx 
L-6 27.12 80 8.95 46.84 115.2 860 2160 5.23 3.31 16.35 





CHAPTER 6  
DISCUSSION 
 
The distinction between authigenic and allochthonous dolomites has been difficult to be 
quantitatively determined in modern mixed carbonate-siliciclastic environments. This study 
synthesizes traditional and modern mineralogical approaches to differentiate between co-
occurring Recent in-situ and detrital dolomite and quantify them in a modern mixed carbonate-
siliciclastic environment. 
Results of this study show that dolomite is a ubiquitous component of subtidal sediments 
of northern Kuwait Bay. Different types of dolomite were identified based on 
mineralogical/geochemical composition and quantitative characterizations. First, this chapter 
discusses qualitative mineralogical characteristics of dolomite based on traditional approaches 
(i.e., XRD and SEM). Then, discussion proceeds to integrate quantitative properties of dolomite 
using modern QEMSCAN®. Last, integration of the dolomite geochemical data, bulk sediment 
characterization, and physicochemical analysis of seawater (i.e., stable isotopes, EMPA) leads to 
a hydrogeochemical model for dolomite occurrence. 
6.1 Stoichiometric Variations of Dolomite 
In order to constrain the origin(s) for the different types of dolomite in Kuwait Bay, 
mineralogical composition of each dolomite type is assigned to a particular origin. Then, a 
correlation is established between the stoichiometry data from this study with the work of 
previous authors who have provided evidence for the potential origins of the marine sediments of 
Kuwait Bay (Khalaf et al., 1982; Al-Bakri et al., 1984; and Al-Ghadban et al., 1998).  
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Dolomite stoichiometry (percentages of MgCO3 versus CaCO3) results of this study 
relied on XRD analysis, which is a fast and reliable method used to identify dolomite based on 
its [104] peak (Goldsmith and Graf, 1958; Gaines, 1974; and Lumsden and Chimahusky, 1980). 
The width of the dolomite [104] peak is dependent upon variable incorporation of Ca2+ into the 
crystal lattice. Calcium-rich dolomite produces wide [104] peaks and 2-theta values lower than 
stoichiometric dolomite. Such calcium-rich compositions characterize Recent protodolomite in 
many experimental and modern natural systems (Oomori et al., 1982; Vasconcelos et al., 1995, 
Sanchez-Roman et al., 2008; Bontognali et al., 2012; He et al., 2012). Moreover, multiple 
overlapping [104] peaks indicate co-occurrence of different types of dolomite within the sample 
(Gaines, 1977; Rodriguez-Navarro et al., 1997; Swart and Melim, 2000; and Kearsey et al., 
2012). Therefore, multiple wide [104] peaks in XRD spectra indicate the presence of dolomite 
types with different mineralogical composition and structure, implying different environments of 
formation.  
For this study, mol% MgCO3 for each peak was calculated using the empirical equation 
(Lumsden and Chimahusky, 1980):  
 
where N is the mole percent CaCO3 and d is the d-spacing for the [104] dolomite peak. 
Stoichiometry calculations show distinct variations in dolomite composition between the core-
top samples of Core 1, 2 and 3 (Figure 5.2). The core-top sample of Core 1 shows very broad 
[104] signal where more than 5 different peaks were identified. On the other hand, Core 2 shows 
a narrow peak while Core 3 exhibits three peaks. This study focuses only on three prominent 
phases of dolomite that are found in discrete frequencies throughout the study area: (1) ordered 
stoichiometric (≅50 mol% MgCO3), (2) ordered non-stoichiometric (45-49 mol% MgCO3), (3) 
! 
N = 333.33 d " 911.99
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and protodolomite (42-45 mol% MgCO3). Due to variations in dolomite stoichiometry within 
each core, Core 1 was chosen because its core-top sample shows the widest [104] peak, 
indicating the presence of, at least, the three various dolomite types (Table 6.1).  
 
Table 6.1 Stoichiometric compositions of the three main dolomite types (in mol% !"#$%) found 
in Core 1. 
 
 
 In the context of this discussion, it is noteworthy to mention that all potential sources of 
dolomite found in the marine environment of Kuwait Bay are suggested to be sedimentary in 
origin. Stoichiometry of sedimentary dolomite increases with time and temperature (Gregg et al., 
1992; Gregg and Sibely, 1992). Additionally, nonstoichiometric dolomite is metastable, and 
there must be a temporal trend toward improving its stoichiometry (Morse and Mackenzie, 
1990).  
Recently, many studies have documented precipitation of non-ordered and 
nonstoichiometric dolomite (protodolomite) being facilitated by microbial activities in modern 
carbonate-siliciclastic environments (Vasconcelos et al., 1995, Sanchez-Roman et al., 2008; 
Bontognali et al., 2012). The present study has documented the presence of protodolomite in 
subtidal sediments with mol% MgCO3 between 42-44%. This protodolomite is either produced 
as an in-situ product, or formed as authigenic dolomite in proximal locality where it is 
transported before lithification and being subjected to diagenetic alterations. 
Dolomite Type Mean mol% !"#$%&Range No. Samples 
Ordered Stoichiometric dolomite 49.75 49.22-50.13 12 
Ordered non-Stoichiometric 47.59 45.26-48.92 24 
Protodolomite! 44.46 42.81-44.96 10 
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The second documented type of dolomite is poorly ordered near-stoichiometric dolomite 
with 47 mol% MgCO3. Similar dolomite occurs in hypersaline environments of: (1) the Abu 
Dhabi sabkha (McKenzie, 1981), (2) dolomite found in siliciclastic burrows from Quaternary 
tidal bars in Subiyah (Gunatilaka et al., 1987b), and (3) Pleistocene altered-sabkha rocks from Al 
Jubayl (Chafetz and Rush, 1994), and all show similar stoichiometries (Table 6.2). 
 
Table 6.2 Comparison of dolomite stoichiometry data for modern poorly ordered near-
stoichiometric dolomite samples.  
 
Locality MgCO3 content (mol%) 
Abu Dhabi 47% 
Al Jubayl 49% 
Subiyah Tidal burrows 48% 
Subiyah 47% 
 
The comparative data suggest that poorly ordered near-stoichiometric dolomite in 
subtidal sediments of Kuwait Bay is a product of the hypersaline environment. It may either be 
derived to the study area from a nearby locality as a detrital phase or it may have precipitated in 
situ. Probable detrital sources of this type of dolomite can be either from the salt marshes of the 
Mesopotamia plains or submerged carbonate rocks transported by tidal currents (Chafetz and 
Rush, 1994). Potential authigenic sources of dolomite can be the adjacent mixed 
carbonate/siliciclastic intertidal sediments or direct precipitation of dolomite in the hypersaline 
subtidal environment of Subiyah. Direct precipitation of dolomite in Kuwait Bay has been 
dismissed by many workers (e.g., Picha and Saleh, 1977; Saleh et al., 1999); they concluded that 
nearby onshore sources provide carbonate for eolian deposition in the Bay.  Because influx of 
eolian dolomite would mask/dilute any authigenic dolomite, all previous workers of Kuwait Bay 
proposed that dolomite in the Bay is attributed to a detrital origin.  
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Lastly, stoichiometric well-ordered dolomite with approximately 50 mol% MgCO3 is 
documented in the study area (Figure 5.3). Stoichiometric well-ordered dolomite seldom occurs 
as a recent authigenic phase (Capo et al., 2000; Ji et al., 2001). It is well documented that ancient 
dolomite is characterized by an increased stoichiometry and ordering (Lumsden and 
Chimahusky, 1980). Despite being the most thermodynamically stable carbonate phase in 
modern seawater, stoichiometric well-ordered dolomite in modern marine sediments has never 
been documented (Warren, 2000; Kaczmarek and Sibley, 2011). Therefore, it is highly probable 
that weathering of nearby outcropped dolomitized rocks is the main source of any stoichiometric 
dolomite found in unconsolidated marine sediments in the study area. 
In order to attribute each type of dolomite to a particular origin, the documented 
stoichiometry of dolomite from previous workers of the area are discussed in the context of the 
new XRD data. 
6.2 Potential Sources of Dolomite: Evidence from XRD 
Subtidal sediments of northern Kuwait Bay host an assortment of dolomite of different 
chemical compositions. Constraining various origins of these dolomites can provide insight into 
the nature of different diagenetic processes in complex marine environments like this mixed 
carbonate/siliciclastic setting. It has been widely reported in the literature that dolomite in 
northern Kuwait Bay is simply eolian carbonate supplied by dust and sand storms. 
XRD examination of marine sediments and dust fallout reveal a predominance of 
dolomite in the carbonate fractions of the bulk sediments (Pilkey and Nobel, 1966; Khalaf et al., 
1980). Dust and sand storms likely originate from the dry floodplains of southern Mesopotamia 
in Iraq (Khalaf et al., 1979; Al-Bakri et al., 1984). XRD data from previous workers show that 
dolomite is a major component of “heavy minerals” in local dust fallout and also in Tigris-
 
 110 
Euphrates fluvial sediments (Pilkey and Nobel, 1966; Ali, 1976; Khalaf et al., 1980). However, 
the influx of Tigris-Euphrates suspended material into the northern Persian Gulf may be highly 
overestimated, because suspended sediments are deposited in Iraq as fluvial deposits, and less 
than 10% reaches the Persian Gulf (Wilson, 1952; Al-Yamani et al., 2004).  
Therefore, due to prevailing NW (Shamal) winds in the area, most dolomite found in the 
western flank of the Persian Gulf is derived from outcropped dolomite-rich formations in 
Jurassic and Cretaceous mountains, exposed in the northern Iraq and/or pedogenic dolomite from 
Mesopotamian plains in the western and central part of Iraq (Kinsman, 1964; Al-Ghadban et al., 
1998). A study of the components of the marshes and swamps of Mesopotamia found calcite and 
dolomite to be detrital in origin and derived from exposed limestones along the Tigris and 
Euphrates rivers (Banat et al., 2006). 
Most authors, except Banat et al. (2006), have implied that there are multiple origins for 
dolomite in the Bay. However, it appears as though they have not thoroughly characterized the 
mineralogy of dolomite in order to constrain those origins. They only referred to stoichiometric 
dolomite when they documented dolomite by XRD. The previous workers based their 
conclusions on sedimentological comparisons derived from morphological characteristics of 
dolomite between marine sediments with both suspended material in seawater and dust fallout. 
The summation of mineralogical composition of various sedimentary dolomite types into one is a 
common practice (Pilkey and Nobel, 1966; Khalaf et al., 1984; Al-Ghadban et al., 1998). On the 
other hand, many authors acknowledged that various dolomites are simplistically lumped 
together as a group because of variability in stoichiometry resulting from different environments 
of formation and subsequent diagenetic processes (Morrow, 1982; Land, 1985; Hardie, 1987).  
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A recent discovery of microbial-activated traps in Subiyah marine sediments documented 
a consortium of benthic microbes that entraps siliciclastic sediments while producing authigenic 
carbonate minerals, despite the high amounts of silt and clay in the subtidal area (Al-Shuaibi et 
al., 2012). Detrital dolomite could act as nuclei for induction of microbially mediated 
protodolomite in hypersaline turbulent microbial-rich waters (Warren and Kendall, 1985; 
Warren, 2000; Kendall et al., 2007). 
Based on the preceding discussion, dolomite stoichiometry data of this study provide 
valuable information about potential different origins of dolomite in Kuwait Bay. XRD data from 
this study suggest that the origins are (1) in-situ authigenic dolomite, likely facilitated by 
microbial activities (non-stoichiometric protodolomite), (2) transported eolian dolomite from 
nearby outcropping carbonate rocks in the Tigris and Euphrates area (ordered non-
stoichiometric), and (3) transported dolomite from distal and ancient dolomitized carbonate rocks 
(stoichiometric). 
6.3 Detrital vs. Authigenic Dolomite: Evidence from SEM-EDS 
Micromorphological and microtextural characteristics of different types of dolomite were 
analyzed by SEM. SEM is a common tool used to recognize Recent dolomite in modern 
sediments. Many studies have documented authigenic dolomite crystals in unconsolidated 
marine sediments.  They typically occur as euhedral rhombohedra, sometimes with inclusion-
rich cores, and ranging in size from less than 1 µm  up to 50 µm (Taft, 1961; Carballo et al., 
1987; Vasconcelos and McKenzie 1997; Swart and Melim, 2000; Shinn and Kendall, 2011). 
In this study, SEM analysis has shown that Kuwait Bay dolomite shares many 
micromorphological similarities to previously recognized authigenic dolomite. Because the study 
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area receives detrital dolomite (discussed above), differentiation between detrital and authigenic 
dolomite is critical. 
6.3.1 Allochthonous/Detrital Dolomite 
Microscopic examination revealed that most dolomite grains within lithic fragments are 
irregular in shape.  They exhibit various degrees of roundness and surface pitting, which is 
indicative of “allochthonous terrigenous detritus” locally supplied to the area by dust storms and 
river deltas in the northern area of the Persian Gulf (Khalaf et al., 1984; Al-Ghadban et al., 
1998). Additionally, lithic fragments of mixed mineralogy lack rhombic dolomite grains (Figure 
5.5). 
Dolomite occurs in the southern deposits of Mesopotamia (Aqrawi, 1995). Aqrawi (1995) 
performed manual disintegration and selective dissolution in order to investigate authigenic 
carbonate phases by SEM analysis. His results showed that calcian dolomite was detected in 
various size fractions (i.e., from <4 µm to >32 µm). This study confirms the presence of dolomite 
in these same size fractions, Dolomite occurs not only as isolated rhombs, but also occurs 
incorporated within larger lithic fragments. Micritic dolomite crystals in lithic fragments exhibit 
etching pits and striations, which are indicative of sediment transport (Figure 5.7a). The etched 
and striated microcrystalline dolomite within lithic fragments in subtidal sediments of Kuwait 
Bay is therefore most likely allochthonous/detrital dolomite. Figure 5.7b shows a perfectly 
euhedral dolomite rhombohedron but with fractures along cleavage planes that may have been 
induced during sample preparation; the fractured grain does not show etching, surface striations, 




6.3.2 Autochthonous/Authigenic Dolomite 
Scattered microcrystalline dolomite rhombs show perfectly well-crystallized, euhedral 
crystal morphologies and are calcium rich (Figure 5.8a,b,d). These equant solitary 
microcrystalline dolomite (<4 µm) crystals were observed throughout the upper 50 cm of the 
cores, and also in association with equant pyrite aggregates (Figure 5.9). 
Dark, inclusion-rich cores of dolomite crystals have been documented in this study 
(Figures 5.8 and 5.9). Black cores within authigenic dolomite crystals have been interpreted to be 
preferable sites of organic matter encapsulation in natural shallow hypersaline environments 
(Taft, 1961; Behrens and Land, 1972; Carballo et al., 1987; Vasconcelos et al., 1995), and also in 
cultivated microbial cultures in laboratory conditions (Lith et al., 2000; Warthmann et al., 2000; 
Krause et al., 2012). 
SEM analysis of this study has shown sub-micron-scale, irregular dolomite aggregates 
occurring on calcite crystals (Figure 5.10). These quasi-rhombic dolomite aggregates appear to 
be forming as a diagenetic alteration of pre-existing calcite crystals. The interpretation is that 
these aggregates represent another form of authigenic dolomite in the sediments.  
Sulfate reduction in organic-rich sediments can contribute to authigenesis of 
protodolomite in diverse environments (e.g., hypersaline lakes, brackish settings; and arid 
sabkhas) (Lasemi et al., 1989; Aqrawi, 1995; and Vasconcelos and Mackenzie, 1997). Calcium-
rich dolomite and protodolomite associated with microbial mats in hypersaline bays has been 
noted to occur as micrite-sized rhombs (Dupraz et al., 2009). Locally, sulfate-reducing bacteria 
have been documented to occur in subtidal marine sediments of Kuwait Bay; these bacteria are 
consuming high amounts of organic matter (Al-Yamani et al., 2004).  
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Euhedral micron-scale dolomite crystals have been documented to precipitate 
instantaneously in hypersaline intertidal waters of the southern Persian Gulf (Swart et al., 1987). 
In addition, micron-sized dolomite has been documented occurring in pore spaces between 
siliciclastic grains (Kendall et al., 2007), similar to the dolomite present in this study. 
Mineralogy, stoichiometry, crystal morphology, and similarities to other dolomite 
occurrences strongly suggest that the sub-micron, isolated rhombohedral dolomites in this study 
are authigenic precipitates. This is a new finding for the sediments of Kuwait Bay. 
6.4 Potential Sources of Dolomite: Evidence from SEM 
From the preceding discussion based on SEM observations, this study is able to correlate 
its findings to others in the northern part of the Persian Gulf (Aqrawi, 1995; Al-Ghadban et al., 
1998; Kendall et al., 2007). Dolomite occurs as solitary micritic-sized crystals in Kuwait Bay, 
and also as composite grains containing dolomite. However, by their nature, observations from 
SEM and XRD alone were not able to differentiate detrital dolomite occurring within lithic 
fragments from solitary dolomite crystals.  
The origin of lithic fragments in marine sediments can be related to their grain size 
distribution (Futterer, 2006). Much of the marine sediment in northern Kuwait Bay is sandy silts 
to silty muds that are either derived from dust and sand storm fallout or from reworking of 
submerged estuarine and deltaic sediments (Khalaf and Ala, 1980; Al-Bakri et al., 1984; Khalaf 
et al., 1984). This study used QEMSCAN techniques to further differentiate among lithic 




6.5 Characterization of Dolomite Genesis: Evidence from QEMSCAN®  
 This study applies QEMSCAN® analysis to identify, characterize and quantify different 
dolomite types in a mixed carbonate/siliciclastic subtidal sediments of northern Kuwait Bay. 
Ultimately, each type corresponds to a distinct origin. Traditional mineralogical analyses like 
XRD and SEM are insufficient to fully quantify the various dolomite phases, as discussed earlier. 
QEMSCAN® was used to complement the traditional approaches by providing an automated 
approach to characterize polygenetic co-occurring dolomite types in the study area based on 
grain size, shape, and distribution. The decision to implement QEMSCAN® was based on its 
capability to conduct labor-intensive and time-consuming mineralogical techniques (i.e., 
mineralogical identification, grain counting, grain-size distribution, grain shape and 
microtextural relations, etc.) simultaneously and rapidly (Gottlieb et al., 2000). 
 The following discussion synthesizes information based on QEMSCAN® data, 
including: (1) modal abundance of bulk subtidal sediments and dolomite in particular, (2) 
quantification of dolomite within lithic fragments vs. solitary dolomite, (3) dolomite association 
with other mineral phases, and (4) morphometric characterization (i.e., size and shape) of 
dolomite grains. Then the discussion proceeds to briefly compare dolomite in subtidal sediments 
with intertidal and supratidal sediments in order to document variation of dolomite content 
through the marine environment. The aim of utilizing QEMSCAN® data is to characterize the 
genetic types of dolomite as either detrital or authigenic in origin. 
6.5.1 Modal Abundance of Bulk Subtidal Sediments and Dolomite 
Modal mineralogy results show that the subtidal sediments of Kuwait Bay comprise a 
suite of minerals with 7 dominant phases providing >90% of the material in the samples 
(calcite/aragonite, dolomite, quartz, plagioclase, kaolinite, illite and chlorite) (Figure 5.16). All 
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carbonate phases consist of the calcite/aragonite polymorph and dolomite, and these make up 
>50% of total mineralogy in the three cores. Detrital clay minerals (i.e., kaolinite, illite-
montmorillonite, smectite and chlorite) collectively make up the most of the siliciclastic 
components of the sediments, while quartz is the highly variable subordinate phase for Core1 
and 2. On the other hand, Core 3 shows consistent proportions for each mineralogical phase. 
In general, modal abundance of the bulk sediments agrees well with the findings of 
previous workers (Al-Ghadban et al., 1998). They found that the main components of the 
subtidal sediments of Kuwait shoreline consist of variable amounts of carbonate minerals with 
subordinate amounts of quartz, overall resembling the bulk mineralogy of the Persian Gulf. Al-
Ghadban et al. (1998) performed mineralogical analysis on coarse silt and very fine sand 
sediments of the Persian Gulf, in order to compare them to potential sources like dust storms and 
reworking of submerged fluvial sediments.  
Quartz and feldspar have been previously interpreted as having been delivered to study 
area from the adjacent uplifted Jal AlZor escarpment (Al-Sarawi, 1995), where clay phases have 
been delivered from the exposed marshes in the Mesopotamia floodplains (Khalaf et al., 1984). 
Others have suggested that these floodplains are the source of the carbonate minerals in the Bay 
(Khalaf and Ala, 1980 and Aqrawi, 1995). Close similarity of mineralogical assemblages in 
marine Bay sediments and local dust fallout suggested minerals in the Bay are mostly delivered 
by NW (Shamal) winds.  
For this study, QEMSCAN® analysis indicates that dolomite comprises about 17% of the 
subtidal cores, which corroborates previous results that ranged from 5% to 26% throughout the 
Persian Gulf (Al-Ghadban et al., 1998). Contribution of dolomite and other carbonate phases 
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may come from in situ authigenic processes, or from sediment delivery by eolian or fluvial 
processes. 
Depositional mixing patterns in Kuwait Bay are identified based on the mixing pattern 
established by Mount (1984). Mixing of carbonate and siliciclastic sediments in Kuwait Bay 
occurs in two ways: (1) in situ carbonate precipitation, and (2) source mixing patterns of detrital 
input. In situ mixing results when authigenic carbonate precipitates within siliciclastic sediments. 
Such mixing usually takes place in subtidal environments where productivity is high (e.g., 
associated with algal mats in subtidal mud banks of Florida Bay; Swart et al., 1989) or inorganic 
precipitation of carbonate is favorable (e.g., Puerto Rico shelf) (Morelock et al., 1983). The 
second type of mixing occurs when erosional products of uplifted and exposed carbonate terrains 
mix with siliciclastic material (Mount, 1984). This usually occurs in marginal marine nearshore 
environments because detrital carbonate transport is relatively rare; carbonates principally 
become transported as ions in solution. Alternatively, siliciclastic sediments can be source mixed 
with carbonate deposits.  Holocene examples with source mixing include: (a) the Belize shelf, 
where humid fluvial-deltaic systems are proximal to the carbonate shelf (Mazzullo et al., 1995; 
Teal et al., 2000), (b) the Qatar peninsula, where arid eolian dunes are prograding into the 
subtidal Persian Gulf carbonate environment (Shinn, 1973), and (c) in the axial trough of the 
Persian Gulf, where fine grain clastics from the Tigris and Euphrates delta accumulate adjacent 
to fine-grained carbonate (Purser, 1973). 
6.5.2 Granulated vs. Solitary Dolomite 
A comparative study between particles containing dolomite and solitary dolomite 
particles was performed; this provides a detailed characterization of the mineralogy of each 
particle type. The comparison is based on the results derived from QEMSCAN software 
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functions, in which each analysis differentiated between isolated dolomite grains and dolomite 
included within lithic fragments (composite grains). The Granulator® function performed 
statistical functions on dolomite found within the composite grains. It provides characterization 
of modal abundance, mineral associations, and size distribution analyses on extracted grains 
and/or their hosting particles (Gottlieb et al., 2000). In contrast, mineral liberation analysis 
identified non-touching, solitary dolomite particles. The term “liberated” can be used 
interchangeably with “solitary” or “isolated” dolomite particles. 
Euhedral micrite-sized dolomite crystals with inclusion-rich cores have been previously 
documented in subtidal sediments of Kuwait Bay (Mohammed and Al-Shamlan, 1979; El-Sayed 
et al., 1991).  Characterization of such dolomite is a very time-consuming and labor-intensive 
task, and little analytical work was done by these authors. 
Distinction of various dolomite types was based on the association of dolomite with other 
mineral phases. Solitary dolomite grains are interpreted to be authigenic dolomite, while 
dolomite grains within particles occur as detrital fragments. Cementing of dolomite grains with 
other minerals suggests that the particle is allochthonous in origin because it must have been 
lithified, eroded, transported and deposited as a composite grain.  
The unimodal distribution of bulk particles (Figure 5.16) in the coarse silt to very fine 
sand fractions implies a dominant mechanism for delivering particles to the study area. Khalaf et 
al. (1980), Al-Bakri et al. (1984), and Al-Ghadban and El- Sammak (2005) have all suggested 
that eolian processes are responsible for the dominance of coarse silt to very fine sand size 
fractions in the study area.  
Dolomite in lithic grains forms a bimodal distribution (Figure 5.18), suggesting different 
mixing mechanisms in the study area (Figure 5.20). Dolomite in the very fine sand size range 
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coincides with the modal size of the bulk particles. This suggests that dolomite grains in the 
same size fraction as composite grains containing dolomite are all delivered by the same means. 
Tidal currents may be responsible for detrital dolomite delivery. Saleh et al. (1999) 
suggested that the reworking of Tigris/Euphrates delta sediments by counterclockwise tidal 
currents in the northern Persian Gulf is responsible for the presence of dolomite in the detrital 
carbonate phase in Kuwait Bay. Results of this study corroborate this idea, because dolomite in 
the clay/lower silt size range occurs as both composite and isolated grains. Dolomite grains 
within lithic fragments are present within the upper limit of clay/lower limit of silt size fractions 
(Figure 5.18). Dolomite from the upstream Mesopotamia floodplains occurs in the same size 
range (i.e., from >4 to <32 µm; Aqrawi, 1995). 
Extensively dolomitized limestone formations, potential sources for detrital ancient 
dolomite, outcrop in northern Iraq.  Dolomite crystals sizes range from sand up to gravel size (60 
µm to 4 mm; Sadooni and AlSharhan, 2003). These ancient dolomite crystals likely contribute to 
dolomite in the coarse size fractions within Kuwait Bay. 
Solitary dolomite particles make up less than 10% of the total dolomite present in Core 1; 
80% of that is less than 10 µm in size (Figure 5.26 and Figure 5.31). Solitary dolomite particles 
in Core 3 only make up less than 1% of total dolomite present; 45% of that is in the less than 10 
µm size fraction (Figure 5.29 and Figure 5.31). These micron-scale isolated dolomite crystals are 
interpreted to be authigenic in origin; they are comparable in size to studies that have 
documented Recent authigenic dolomite (Gunatilaka et al., 1987; Gunatilaka, 1989; Gregg et al., 
1992; Folk, 1993; Vasconcelos and McKenzie, 1997; Nash et al., 2011; Krause et al., 2012; 




6.5.3 Dolomite Association 
Dolomite grains that are locked in composite particles show close association with calcite, as 
well as quartz and clay minerals but to a lesser degree (Figure 5.30).  El-Sayed et al. (1991) 
documented pedogenic “dolocrete” in sediments of southern Kuwait; these dolocretes are only 
20 km from the southern Kuwait shoreline. The dolocrete is a pedogenic dolomite precipitate 
similar to pedogenic calcite “calcrete”. Dolomite has also found in trace amounts in the 
subaerially lithified sediments in southern Kuwait (Khalaf and AlShuaibi, 2012). In the former 
study, dolomite was suggested to be authigenic mineral while in the latter study; it was attributed 
to be detrital in origin. Both studies documented association of clay minerals and quartz with 
dolomite (Figure 6.1)  
Laboratory experiments by Vasconcelos et al. (1995), Vasconcelos and McKenzie (1997), 
Warthmann et al. (2000), Roberts et al. (2004), McKenzie and Vasconcelos (2009), Bontognali 
et al. (2010), Sadooni et al. (2010) and Sanchez-Roman et al. (2011) have precipitated Ca-rich 
dolomite (protodolomite) under surface temperatures, pressures and using waters of normal 
seawater salinity.  These successes were facilitated by microbial mediation. The microbes were 
extracted from recent hypersaline localities of mixed carbonate/siliciclastic sediments (e.g., 
hypersaline lagoons in Brazil, and coastal sabkhas of Abu Dhabi). Conditions for dolomite 
syntheses in laboratory settings are similar to the natural settings of Kuwait Bay.  
Other settings where natural authigenic Recent dolomites are precipitating are in northeast 
Australia (Francies et al., 2007) and northern Belize (Mazzullo et al., 1995;Teal et al., 2000). 
These settings are being re-evaluated in light of the studies of microbial mediation of dolomite 
(e.g., McKenzie and Vasconcelos; 2009; Bontognali et al., 2010; Sadooni et al., 2010). These 
recent studies of microbial mediation of dolomite precipitation represent a new research arena. 
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The authigenic dolomites of Kuwait Bay can be explored under the new insight of microbial 
mediation for future studies.  
6.5.4 Morphometric Characterization of Dolomite 
Dolomite crystal shape and size can provide genetic information. QEMSCAN® analysis 
provides grain-shape factors that reflect grain boundary irregularities in roughness and roundness 
(Moen et al., 2006). Shape factor analysis was used to evaluate the abrasion of particles due to 
erosion and transportation. Authigenic dolomite grains that experience no transport are usually 
euhedral, while transported grains may exhibit rounded edges and crystal terminations because 
of erosion (Figure 6.2). 
6.6 Intertidal Mineralogy, Southern Kuwait Bay 
 Samples were collected from the intertidal zone of the Doha shoreline, southern Kuwait 
Bay. This study is the first known quantitative mineralogy investigation of the intertidal rocks of 
southern Kuwait Bay. The intertidal zone is a low-energy environment principally covered by 
muddy sediments (Khalaf et al., 1984). Chemical precipitation of carbonate minerals has 
cemented mixed carbonate and siliciclastic sediments along the shoreline (Figure 6.3).  
This study also documents the occurrence of celestite (SrSO4) cement in loosely lithified 
intertidal rocks from Doha (Figure 5.38). Celestite has been documented to occur in association 
with dolomite precipitation (Evans, 1995); however, dolomite was not encountered in any of the 
intertidal samples. Both sulfate and strontium are abundant constituents of seawater; while 
celestite is uncommon, hypersaline conditions along the southern shoreline concentrate the 




Figure 6.1 False-colored particle maps of dolomite grains in various forms after application of 
QEMSCAN® functions. A) Dolomite grains found in bulk particles almost always associated 
with calcite/aragonite polymorph. Association with anhydrite and gypsum indicate transportation 
from upstream sabkha of Mesopotamia plains. Anhydrites are not found in the northern sabkhas 
of Kuwait Bay. Bigger sand-sized dolomite particles which are associated with chlorite (Mg-rich 
clay mineral) indicate diagentically altered dolomite grains that may be resulted from burial 
diagenesis. It may be attributed to outcropped dolomitized limestone in northern Iraq and 
Western Iran. B) Coarse-silt/sand-size and upper clay/lower silt size fractions are the major size 
fractions of granulated dolomite grains. The first type of dolomite is seldom associated with any 
minerals while the second is associated with variety of detrital minerals (i.e., calcite, clay 
minerals, and quartz). C) Solitary dolomite particles are found in 5µm size fraction with calcite 




Figure 6.2 Representative false-colored particle maps of dolomite-hosted particles. Almost every 
particle in subtidal sediments of Kuwait Bay contains dolomite but with various size and shape. 
Solitary dolomite is majorly found as 5µm particles while locked dolomite grains exhibit various 








Figure 6.3 Mineralogical maps of intertidal rocks from southern Kuwait Bay. A) Siliciclastic 
minerals (quartz and feldspars) are cemented with carbonate cement (likely aragonite). B) 
Bivalve moldic pores and carbonate cementation of fractured quartz grains (lower right). C) 
Carbonate-cemented bioclasts (forams, bivalves) and intraclasts. 
 
6.7 Geochemical Signature of Dolomite 
Dolomite had been difficult/impossible to precipitate in an inorganic experimental setting 
at surface conditions (Morse and Mackenzie, 1990; Land, 1998). However, dolomite has recently 
been precipitated in the presence of microbes in several laboratory experiments (Lith et al., 2003; 
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McKenzie and Vasconcelos, 2009; Sanchez-Roman et al., 2011). Additionally, Recent 
authigenic dolomite has been documented in several Holocene environments (i.e., Abu-Dhabi 
sabkhas, Coorong lakes, dolomitized burrows in clastic tidal flats, northern Kuwait); however, it 
is unclear whether these dolomites are strictly inorganic or microbially mediated. The variety of 
geochemical characteristics found in each environmental setting suggests that a wide range of 
factors can facilitate dolomite precipitation.  
The geochemical parameters investigated in this study are: (1) oxygen and carbon stable 
isotopes of sediments and major elements in dolomite (i.e., Ca and Mg) concentration, (2) 
Mg2+/Ca2+ ratio of seawater, (3) and physicochemical properties of Kuwait Bay. 
6.7.1 Stable Isotopes of Bulk Subtidal Sediments 
Oxygen and carbon stable isotopic analysis can provide constraints on dolomite 
formation. Recently, the oxygen isotope fractionation factor for dolomite has been determined 
(Vasconcelos et al., 2005). Thus, knowing the isotopic composition of the water and the 
temperature of formation of authigenic dolomite can completely fingerprint the conditions of in 
situ dolomite formation. Unfortunately for this study, the presence of different types of dolomite 
(authigenic and detrital) in the subtidal environment of Kuwait Bay complicates the utility of this 
technique. Furthermore, procedures to separate 100% dolomite were unsuccessful. 
Nonetheless, this study is the first to document the oxygen and carbon stable isotope 
values of bulk unconsolidated subtidal sediments from northern Kuwait Bay. The values of !18O 
and !13C vary from -3.05 to –4.47‰, and -1.51 to -2.38‰, respectively. Stable isotope data 
derived from bulk subtidal sediments of Kuwait Bay are more depleted in both !18O and !13C in 
comparison to typical modern marine sediments of Kuwait (Gischler et al., 2009). Prevailing 
dust storms that affect Kuwait year around are mainly composed of calcareous silt (Khalaf et al., 
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1980). In lower Mesopotamia, the values of !18O and !13C of dolomite samples range from +4.5 
to -8.13‰ and -0.731 to -3.82‰, respectively. The wide range of !18O and !13C was divided to 
two groups of dolomite: (1) depleted !18O values resulted from diluted brackish waters and (b) 
enriched !18O of dolomite resulted from evaporitic marsh ponds (Aqrawi, 1994 and1995). 
 QEMSCAN® shows that solitary dolomite makes up only 2% of the total core-top 
sediments of Kuwait Bay. Therefore, authigenic dolomite formation in the subtidal environment 
of Kuwait Bay is limited, sparse and masked by the volumetrically detrital components. The 
study area is fed by multiple sources of calcareous and terrigenous material, in addition to 
deposition of indigenous biogenic components, all of which can deviate the geochemical 
signature of stable oxygen and carbon isotopes.  
The !18O and !13C values of the subtidal sediments show a mixed signature that reflects 
the input of close-by terrestrial sediments (Figure 6.4). This finding is in accordance with the 
findings of Gischler et al. (2009). Their !18O and !13C values for biogenic components in marine 
sediments range from -2 to 1.5‰ and 0 to 5‰, respectively. They referred the variability of !18O 
and !13C values of modern Holocene shallow-water sediments to the contribution of 
diagenetically altered subaerial sediments into the marine environment.  
Unfortunately, without isolation of 100% dolomite for isotopic study, oxygen and carbon 
stable isotopes values could only be derived from bulk samples. Adoption of new micro-
analytical techniques like Secondary Ion Mass Spectrometry (SIMS) of individual dolomite 
grains could potentially provide detailed isotope data. While this possibility was explored for this 





Figure 6.4 Plot of !18O and !13C of subtidal sediments of Kuwait Bay with major modern marine 
sediments and other Quaternary dolomites shown for comparison. Kuwait Bay isotope 
compositions for this study appear to be an admixture of variable terrestrial and marine inputs.  
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6.7.2 Electron Microprobe Analysis 
Major element abundances of dolomite phases were quantified using the electron 
microprobe. Effective probe beam spot sizes were typically 2 µm; at times the spot sizes were 
reduced to 1 µm. The intended targets for analysis were isolated dolomite rhombs believed to be 
of authigenic origin.  However, most of these isolated rhombs were smaller than 5 µm, making 
quantitative analysis difficult even with small spot sizes. Only large crystals of dolomite were 
measured within lithic fragments, which exhibit stoichiometric and near stoichiometric wt% of 
MgO (stoichiometric dolomite should be 16.3 wt% MgO). On the other hand, a few solitary 
dolomite crystals show characteristically lower weight percentages of MgO wt%. MgO wt% of 
solitary dolomite range from 10-14% while dolomite within lithic fragments ranges from 17-21% 
(Appendix A). MgO and CaO contents of detrital dolomite lie within the range of near 
stoichiometric dolomite concentrations (Austin et al., 2005). CaO and MgO contents of solitary 
dolomite crystals are consistent with a protodolomite composition (i.e., Ca rich; Figure 6.5MgO 
and CaO content of solitary dolomite is another piece of evidence that these micrite-sized 
euhedral dolomite rhombs are an authigenic precipitate. 
6.8 Physiochemical Signature of Kuwait Bay Seawater 
The results of physicochemical properties of Kuwait Bay show preferable conditions for 
dolomite authigenesis. The bay experiences high evaporation rates that yield hypersaline waters. 
The hypersaline water of Kuwait bay is similar to the high seawater salinity of the mudbanks of 
northern Belize where dolomite is currently forming in the subtidal sediments (Mazzullo et al., 
1995; Teal et al., 2000). Additionally, the high influx of calcareous sediment by fluvial and 
eolian processes contributes to the elevated alkalinity of the seawater (Arvidson and Mackenzie, 
1999). Extensive amount of decayed organic matter in the study area is indicated by the H2S 
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smell. The decomposition of organic matter by microbial activity results in sulfate reduction. 
Sulfate removal increases pH and alkalinity in the interstitial water and in the microbial-rich 
aqueous envelope surrounding carbonate grains, which in turn facilitates authigenic dolomite 
precipitation (Vasconcelos et al., 1995; Vasconcelos and McKenzie, 1997; Chafetz et al., 1999; 
Wright, 2009; Warren, 2000; Lith et al., 2003; Warthmann et al., 2005; Bontognali et al., 2009; 
Sadooni et al., 2010).  
 
Figure 6.5 BSE image of solitary dolomite crystal with dark core that shows weight percent of 




The Mg2+/Ca2+ molar ratio of Kuwait Bay is 5:1 (Table 5.3), which is typical of organic-
rich environment and lies within the range from 1:1 to 5:1 that promote dolomite authigenesis 
(Baker and Burns, 1985). These workers documented dolomite precipitation under normal 
seawater conditions in continental margin marine sediments during Deep Sea Drilling Project 
(DSDP) investigations. Alkalinity and pH of the sediment/seawater interface is highly elevated 
implying potential conditions for dolomite authigenesis with abundance of detrital carbonate 
minerals (e.g., LMC, HMC and dolomite). 
Al-Bakri and Kittaneh (1998) recorded a relatively higher total dissolved sulfide (TDS) 
values in the north relative to the southern shoreline of Kuwait. With no evidence of 
anthropogenic pollution, TDS was significantly higher in the interstitial water and pore spaces. 
They were attributed largely to natural processes (limited water circulation and mud-rich 
sediments) rather than human activities. 
6.8.1 Dolomite-Seawater Equilibrium Oxygen Isotope Fractionation 
The "18O value of authigenic dolomite would be in equilibrium with the "18O value of the 
water of which it precipitates from. A new temperature-dependent oxygen isotope fractionation 
factor for dolomite precipitation at low temperature was recently determined (Vasconcelos et al., 
2005). Here, "18O values of Kuwait Bay water and its temperature can be used to calculate "18O 
values of the potential authigenic dolomite that would be in equilibrium with the water.  
Oxygen isotope fractionation for authigenic dolomite in Kuwait Bay was determined by 











Where "18Owt is the measured isotopic composition of seawater in Kuwait Bay. Measured 
temperature in the study area was 28°C (n = 15).  "18Owt is measured to be 3.6‰ (n=5).  Thus, 
"18Odol is the calculated isotopic composition of potential authigenic dolomite from Kuwait Bay – 
this came out to be 34‰ SMOW. In order to convert "18Odol SMOW to "18Odol PDB the 
following equation was used (Allan and Wiggins, 1993): 
 
 The calculated value "18Odol equals to 3.04‰.  This would be the oxygen isotopic 
composition of dolomite precipitated in situ in equilibrium with Bay waters at 28°C. Clearly, the 
bulk sample carbonate isotope data are significantly more depleted with respect to this “normal 
hypersaline” dolomite value.  The bulk carbonate value is a composite isotopic composition of 
detrital dolomite, any other detrital carbonate minerals, biogenic carbonates in the sediment, and 
any authigenic carbonate minerals (including dolomite).  Thus, the isotopic contribution from the 
minor amount of authigenic dolomite would be diluted by the other carbonate components.  It’s 
clear from Figure 6.x that in situ authigenic dolomite has not shifted the bulk values from their 
more diagenetic/detrital signature.  
6.9 Dolomite Occurrence Model 
 It is the principal conclusion of this study that dolomite in Kuwait Bay originates from 
multiple sources and is not solely detrital in origin (Figure 6.6). Quantitative mineralogical 
analysis shows a bimodal distribution of dolomite types. The interpretation here is that isolated, 
0-10 micron dolomite rhombs are an in situ authigenic precipitate. While authigenic dolomite 
crystals are found in sparse quantities, they are nonetheless present and demonstrate that 






composition of Kuwait Bay appears to facilitate authigenic dolomite precipitation. Dolomites 
from this study can be added to the growing number of locations where dolomite precipitates in 
hypersaline marine environments (Baker and Burns, 1985; Gunatilaka et al., 1987; Mitchell et 
al., 1987; Chafetz and Rush, 1994; Al-Sharhan and Kendall, 2003; Bontognali et al., 2010). 
Mineralogical and geochemical analyses of dolomite in unconsolidated sediments can 
indicate the conditions of the environment of formation, which constrain the origin(s) of 
dolomite. Micritic dolomite crystals are typical of Holocene sedimentary environments 
(Lumsden and Lloyd, 1997). Compositional stoichiometry, crystal size and micromorphological 
appearance of dolomite profoundly differ from one environment to another (Goldsmith and Graf, 
1958; Allan and Wiggins, 1993; Warren, 2000). Based on these criteria, distinction can 
ultimately be made among mixed dolomite types in natural environments.  
Traditional XRD analysis has been used over the years to calculate the stoichiometry of 
dolomite based on its [104] peak (Goldsmith and Graf, 1958; Gaines, 1974; Lumsden and 
Chimahusky, 1980; Ward and Halley, 1985; Mazzullo et al., 1995; Teal et al., 2000; He et al., 
2012). XRD results from this study show three types of co-occurring dolomite: (1) 
stoichiometric, (2) near-stoichiometric, and (3) protodolomite. It is well established that 
stoichiometry of sedimentary dolomite increases with time and temperature (Gregg et al., 1992; 
Gregg and Sibely, 1992). Protodolomite is typical of modified (hypersaline) seawater conditions 
(Lumsden and Chimahusky, 1980). Stoichiometric and near-stoichiometric dolomites are 
evolved diagenetic products that form with repeated recrystallization events (Aqrawi, 1995; 
Lumsden and Lloyd, 1997). Hence, it is proposed in this study, and based on the stoichiometry of 
dolomite composition, that protodolomite is autochthonous and precipitates in the upper layers of 
the subtidal sediments of Kuwait Bay. The predominance of stoichiometric and near 
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stoichiometric dolomite throughout the study area is attributed to the detrital dolomite delivered 
by eolian processes like sand and dust fallouts (Khalaf et al. 1982; Khalaf et al., 1985; Al-
Ghadban and El-Sammak et al., 2005) and the reworking of the submerged deltaic sediments 
(Al-Bakri and El-Sayed 1991; Al-Ghadban et al., 1998; Saleh et al., 1999). XRD results different 
dolomite types in Kuwait Bay that have originated from different sedimentary environments.  
Descriptive micromorphological characteristics of dolomite crystals (e.g., crystal size and 
shape) aid in identification of authigenic dolomite in mixed carbonate/siliciclastic environments 
(Taft, 1961; Vasconcelos and McKenzie, 1997; Shinn and Kendall, 2011). SEM examination of 
dolomite crystals shows snowy white color, perfect equant micrite-scale rhombohedra, and 
inclusion-rich cores similar to authigenic crystals from other localities (Taft, 1961; Gunatilaka et 
al., 1984; Mazzullo et al., 1995; Vasconcelos et al., 2005). The dark cores can be composed of 
trapped organic material because of rapid crystal growth (Taft, 1961). Furthermore, isolated 
dolomite rhombs were found in association with pyrite crystals, which implies that sulfate 
reduction may play a role in dolomite formation.  
Not all micron-scale isolated dolomite is necessarily authigenic.  Some dolomite crystals 
with similar size (<5 µm) show pitting, striations and fractures along cleavage planes that 
suggest they have experienced transportation – these grains have a likely detrital origin.  
Irregular and anhedral dolomite grains are found in larger size fractions; these are 
typically cemented within lithic fragments, implying an allochthonous origin. Kuwait Bay 
dolomite clearly is polygenetic; it shows a variety of different morphologies, stoichiometries, 
crystal habits, and mineral associations. 
Recently, the microbial mediation model has challenged most hydrogeochemical models 
of dolomite precipitation (Rosenberg and Holland, 1964; Morrow, 1982; Morse and Mackenzie, 
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1990; Land, 1998). Researchers have demonstrated experimental synthesis of dolomite at normal 
seawater salinity and surface temperatures and pressures (Lith et al., 2003; Sanchez-Roman et 
al., 2011). Specific species of sulfate-reducing bacteria that promote dolomite precipitation have 
been correlated between two geographically distant carbonate-siliciclastic locations (i.e., Brazil 
and UAE) (Bontognali et al., 2012). Given that similar geochemical conditions occur in Kuwait 
Bay (carbonates, abundant organic matter, sulfate reduction, warm temperatures, clay minerals), 
it is most likely that microbial mediation has been involved in the production of dolomite in the 
Bay. Anoxic organic degradation driven by sulfate-reducing bacteria alters the chemistry of the 
porewater leading to elevated pH and carbonate concentration (Vasconcelos et al., 1995) leading 
to the sediments to be enriched in sulfide (e.g., pyrite). Removal of sulfate leads to authigenic 
dolomite precipitation within the sediments.  
Distinction between allochthonous and autochthonous dolomite in the subtidal sediments 
of Kuwait Bay is problematic. Dolomite has been found in various modern terrestrial and marine 
environments around Kuwait (Pilkey and Nobel, 1966; Mohamed and Al-Shamlan, 1979; Khalaf 
et al., 1982; Al-Bakri et al., 1984; Gunatilaka et al., 1984; Gunatilaka et al., 1989; Khalaf et al., 
1984, Gunatilaka et al., 1987; El-Sayed et al, 1991). Integration of new advancement in 
mineralogical approaches, sedimentological applications, as well as analytical tools and 
techniques can lead to deciphering the complex questions of the dolomite problem. Adopting 
modern quantitative geochemical and mineralogical approaches to studying dolomite formation 
can further our knowledge about the problem that has fascinated many geologists over the years 
(Van Tuyl, 1918; Hewett, 1928; Fairbridge, 1957; Zengler et al., 1980; Morrow, 1982; Land, 
1985; Gunatilaka et al., 1987a,b; Hardie, 1987;Gunatilaka, 1989; Gregg et al., 1992; Folk, 1993; 
Vasconcelos et al., 1995; Vasconcelos and McKenzie, 1997; Warren, 2000; Lith et al., 2003; 
 
 135 
Sanchez-Roman et al., 2008; McKenzie and Vasconcelos, 2009; Nash et al., 2011; Bontognali et 
al.2012, He et al., 2012; Hood and Wallace 2012; Krause et al., 2012; Krimmel, 2012). The 
application of modern analytical tools can provide new information when studying dolomite in 
modern environments. This study differentiates between co-occurring authigenic and detrital 




Figure 6.6 A polygenetic dolomite model for Kuwait Bay. Dolomite is mainly delivered by the eolian input of dust and sand storms, 
which is responsible for the fine sand and coarse silt size fraction portion of dolomite. Fluvial sediment from the Tigris and Euphrates 
deltaic system is reworked by the Bay’s tidal currents. Dolomite is hosted in reworked composite particles that are in the lower silt 
size fraction. Solitary dolomite grains (! 5 µm) are attributed to be authigenic in origin and microbially mediated by sulfate reduction. 
The high organic content results from influx of undertreated sewage disposed into the Bay’s waters and the decay of organic matter 





SUMMARY AND CONCLUSIONS 
 
 This study was the first to investigate dolomite occurrences in modern mixed carbonate-
siliciclastic environments from the northwestern part of the Persian Gulf. The data provided 
quantitative and qualitative analyses of modern dolomite in Kuwait Bay.  The aim of this study 
was to differentiate among the different dolomite types present in Bay sediments.  Application of 
traditional mineralogical approaches and new quantitative techniques identified the field area as 
a locality of Recent dolomite authigenesis. The following conclusions can be drawn based on the 
results obtained:  
1. Dolomite occurs as a major component of the subtidal sediments in the study area. Kuwait 
Bay dolomite is polygenetic. Dolomite types occur as both detrital and authigenic phases. 
Each type of dolomite is characterized based on different mineralogical, micromorphological 
and geochemical properties. 
2. Three principal types of dolomite occur in Kuwait Bay: (1) stoichiometric (∼ 50 mol% 
MgCO3), (2) near-stoichiometric (45-49 mol% MgCO3), and (3) protodolomite (42-45 mol% 
MgCO3). Stoichiometric and near-stoichiometric dolomite types are of detrital origin. 
Terrestrial areas containing previously formed dolomite provide both eolian and fluvial 
sources for some of the dolomite in modern Kuwait Bay sediments. On the other hand, 
authigenic protodolomite forms close to the sediment/water interface as an in situ precipitate. 




3. Dolomite occurs both as constituents of composite grains (lithic fragments) and as isolated 
micron-scale rhombohedra. In places, isolated dolomite rhombohedra are associated with 
authigenic pyrite crystals, suggesting sulfate reduction may be important in dolomite 
precipitation. Not all isolated dolomite crystals are authigenic; some crystals show 
microscopic features (e.g. fractures, pitting, striations) that imply transportation. SEM 
examination of micritic solitary dolomite crystals has yielded distinction between 
allochthonous vs. autochthonous dolomite crystals.  
4.  QEMSCAN® results complemented the findings from traditional analytical techniques (i.e., 
XRD and SEM). It provided rapid identification of dolomite grains within lithic fragments 
and solitary dolomite crystals. QEMSCAN® analyses included particle size and shape, phase 
identification based on elemental analysis, mode of occurrence, and association of the 
identified phases. The multivariate statistical techniques produced a unique set of information 
not readily obtained by other mineralogical means. 
5. QEMSCAN® data indicate that detrital dolomite is incorporated within two different size 
fractions of lithic fragments: (1) very fine sand, and (2) very fine silt size fractions. The 
different sizes strongly imply different modes of formation. The very fine sand size of 
dolomite is similar to the size of particles delivered by dust fallout. The second size fraction 
can be attributed to reworking of submerged deltaic sediments. Authigenic “solitary” 
dolomite occurs as less than 10% of total dolomite present in the study area. More than 80% 
of solitary dolomite crystals are less than 10µm in size.  
6. Dolomite content is lower in the adjacent intertidal and supratidal environments (<5%) 
compared to the subtidal sediments (!20%) of Kuwait Bay. This study suggests that eolian 
influx, fluvial transport, breakdown of ancient sediments and authigenesis of 
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contemporaneous dolomites are responsible for the presence of polygenetic dolomite in the 
subtidal sediments of northern Kuwait Bay. 
7. Kuwait Bay seawater exhibits high temperatures and high rates of evaporation leading to 
hypersalinity. The "18O values of Kuwait Bay seawater are similar to "18O values of 
evaporated sabkha waters (+3.56 ‰). The bulk carbonate "18O values of subtidal sediments 
are not indicative of the presence of volumetrically significant amounts of authigenic 
precipitates (dolomite or otherwise).  The depleted oxygen composition of the bulk sediments 
(-3.76‰) implies that detrital sediments dominate the system.  
8. It is likely that microbial mediation of dolomite authigenesis is the driving mechanism for 
dolomite precipitation in Kuwait Bay. Seawater characteristics conducive for authigenic 
dolomite precipitation in the subtidal sediments of Kuwait Bay include: (1) high 
temperatures, (2) high evaporation leading to hypersalinity, (3) abundant organic matter, (4) 
shallow bathymetry, (5) weak tidal circulation, (6) elevated Mg2+/Ca2+, and (7) high 
alkalinity and pH of seawater. Decomposition of organic matter and association of dolomite 
with sulfate reduction (i.e., with authigenic pyrite) are likewise consistent with microbial 
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 APPENDIX A 
SUPPLEMENTAL ELECTRONIC FILES 
 This Appendix includes tables and calculations from which the results of this PhD study 
were tabulated and interpretations were derived. It is organized in the same order as the results 
are presented in the main text of this document. The files contain the analytical results from 
XRD, EMPA, QEMSCAN, ICP and "D, "18O stable isotopes of seawater samples and "13C, "18O 
of subtidal sediments.  
XRD Data File File contains the peak position of dolomite 
and MgCO3 calculation using the method 
after Matthews (1965).  
Dolomite stoichiometry cores.xlsx File contains the stoichiometry calculations 
for all samples found in core 1, 2, and 3.  
Electron Microprobe Data File  File contains the raw data of EMPA 
analysis of different oxides.  
EMPA-1.txt File contains EMPA data of dolomite 
grains.  
Major, Minor, and Trace Elements Data 
File 
File contains the raw data of the elemental 
composition results of Kuwait Bay 
seawater from ICP-AES analysis 
ICP-watersamples.xlsx Samples are St. 1a, St. 2a, St. 3a, St. 1b, St. 
2b, and St. 3b.  
Stable Isotopes Data Files  Files contains "D, "18O values of seawater 
samples and "13C, "18O vales of carbonate 
fraction of bulk sediments  
Stable Isotopes of seawater June 2011.xls File contains the "D, "18O of the six 
samples of seawater samples. 
Maryam%20carbs.xls File contains the "13C, "18O of the all 
marine sediment samples of subtidal 
environment. 
QEMSCAN Categorizers Data Files  Files contain the QEMSCAN data for all 
samples including supratidal, intertidal, 
subtidal, and grab samples. 
Modal data_B0033M1B-2.ppt File contains the modal abundance data of 
the intertidal rock samples.  
Core 1 categorizor.xls File contains the modal abundance data of 
Core 1 samples including modal 
abundance, particles and grain size 
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distribution of dolomite  grains and bulk 
particles  
Core 2 categorizor.xls File contains the modal abundance data of 
Core 2 samples including modal 
abundance, particles and grain size 
distribution of dolomite  grains and bulk 
particles 
Core 3 categorizor.xls File contains the modal abundance data of 
Core 3 samples including modal 
abundance, particles and grain size 
distribution of dolomite  grains and bulk 
particles 
Sabkha categorizor.xls File contains the modal abundance data of 
Sabkha( supratidal) samples including 
modal abundance, particles and grain size 
distribution of dolomite  grains and bulk 
particles. 
Error.xls File contains the standard deviation 
calculation of sample 3.5, 3.11 and 3.30 to 
determine the QEMSCAN ® system 
reproducibility. 
Dolomite Separates Data File File contains the spreadsheets calculations 
for separation of dolomite grains. 
Dolomite centrifuge calculation.xlsx Dolomite separation after Poppe et al. 
(1988).  
 
  
